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ABSTRACT 


Techniques have been developed which allow the isolation of immuno- 
globulin heavy chain mRNA to a degree of purity suitable for detailed 
hybridization studies. These techniques involve the purification of 
nondegraded membrane-bound polysomes from mouse myelomas; successive 
oligo(dT)-cellulose chromatographies of the phenol-extracted RNA (each 
chromatography being preceded by a heat treatment which was found to 
be extremely critical in the removal of 18S rRNA); preparative sucrose 
density gradient centrifugations; and improved techniques of poly- 
acrylamide gel electrophoresis in 99% formamide. The heavy chain 
mRNA's obtained in this way were characterized by the comparison of 
their cell-free translation products with the corresponding tn vtvo 
secreted heavy chains, using both SDS-polyacrylamide gel electrophoresis 
and two-dimensional high voltage electrophoresis of tryptic digests. 

For a mRNA purified from H2020 myelomas and uw mRNA purified from 
MOPC 104E myelomas, hybridization studies with mouse liver DNA resulted 
in corrected gene reiteration frequencies of 3 and 4, respectively. 

On the basis of the monophasic natures of the Cyt curves obtained, there 
was no evidence whatsoever to prevent the assignment of these reitera- 
tion frequencies to both the variable and the constant regions of the a 
and u mRNA's. Moreover, it seems that those rapidly-hybridizing sequences 
accounting for the biphasic kinetics reported in previous studies of 
hybridizations with immunoglobulin mRNA's, and for the tails on the Cot 
curves in the present report, are due to repetitive portions of con- 


taminating mRNA's and not of the immunoglobulin mRNA in question. 
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Hybridizations of the 4 mRNA to homologous and heterologous 
myeloma DNA's showed certain significant variations in the final levels 
and in the kinetics of hybridization: taking the hybridization with 
its homologous myeloma DNA as a standard, H2020 ao RNA hybridized with 
925= CV 1)pe MPG Il (Y>1) and Y5781 (1) DNA's to an equal extent, with 
J558 (a) DNA to a greater extent, and with 104E (u) DNA to a lesser 
extent. Hybridization studies with a 13S 3'-end containing fragment of 
H2020 a RNA indicated that these results are primarily attributable to 
differences in the a gene composition of the J558, H2020 and 104E DNA's. 
Consequently, these data suggest that the commitment of a particular 
lymphocyte to the production of a specific immunoglobulin class occurs 
concurrently with the loss of certain heavy chain constant region (C,)) 
genetic sequences. Considering the linkage relationship of Cy genes 
in the mouse, a mechanism of V,,-C,, gene integration based on excision 


and loss of interspersing DNA material seems to be implicated. 


: ts 
. nape t84 lt ba 
i we 
ioe. Lary ts “ agi a3 tigi ature 
ages elton CoaDN Ae, ae 8 any pil te ea hantit eel 
ety Geskiy Mie a tape Litlig, * es a ie acoge 
: ae 
we v4 2h aSae kann 1 97 ge wi) fife? ban bys ¥ sen tte 
Sstadi @ 4s) A) es whet ata "eb Sapte vedoneaa nee 2 
th Sra@rat® (0 i744020% Gas ecole atx ngtv paren niin Fans ms 
+ orderudPeion ehivalling Hen Stlweet eed Send hvteotaad ap 


a i 


2'AMT B40! bow HS0Gh Jean’, sii) U6 aa il soi Da and al oot . ot 


ays dp 
e. = 

tl 

rh 


(biMaisrag oho Sates lens ysl yas tikes ype Ada whats ia Lee 
_ mk Ve 
2 ~~ | 
atin: f x 


f ; 
i ry "= 


BUNGE qa 7 Gol inerdn lor dein ar? ss ends See eviews — 


SHuoo¢@ 27610 BP LOUGs nemne © ae Be ae @ “ti nie tah of? a 
i ' 
el) ego, toute, whey ain shied coal Tt ceo ate ‘avi a 


a 


4 sim 90 haan so ice ynltt anh if by 2d Wel lon a onion 
i Pe A = ; ent bay 7 

wSingi tom? od oy eroke Lal godin AMO gaderagetesas 36 eeol byt 

’ - . a a 


ACKNOWLEDGEMENTS 


I wish to thank my co-supervisors, Dr. Charles Steinberg and 
Dr. R.C. von Borstel, for coordinating my research program between 
the University of Alberta and the Basel Institute for Immunology. 

I am indebted to F. Hoffman-La Roche and Company, Basel, 
Switzerland, for supporting this research. In particular, I would 
like to express my deep appreciation to Dr. Susumu Tonegawa for the 
Opportunity to work and learn in his laboratory, and for all his 
assistance and advice. Special thanks also go to Dr. Steinberg, for 
helpful discussion and encouragement during both the experimental work 
ander nesthesisupreparation: Drom). otachelin, for the translation of 
my mRNA preparations in his cell-free system; Ms. L. Forni, for 
carrying out the immunofluorescent studies; Ms. S. Witschi, for 
valuable assistance with the animal work; and the many other members 
of the Institute for Immunology who contributed either directly or 
indirectly to my research. 

Finally, I am grateful to my family, for their constant under- 
standing and support throughout my stay in Basel, and to Jurg Lenhard, 


without whom this research would never have been undertaken. 


vi 


ee _ 
eo egreniyere on 
‘ek oe . Ln ik san 8 saa? ~ a 
ee ea oie eho rela “ghah oe datas of ante. 
Diino pe sipebenot wht-al tal: pae to ! 


i <gesiyindh tt p>, ony gebg-vinene Thdadgt a . 
A titi anette wctateie Eas. sa innis ee TA 
ee ee ee ce 
“seh lit BM Sie i hte 14 i ena ga Mi Aa 
TH pag’ 22 ah bo lain ees 
eee ee thins faeLe. cies dete codenetien aldautel 1G 
eS ae 
dopacows ‘ye ot yigvesthak! | ey 
ee ee 
oben gallos Nes by ial gl ela cxibosbipoek’s tetas og - 
; rts i en th en nt 


a 


wy yl 
oy 
ae 


’ uy 


a 7 a 


TABLE OF CONTENTS 


DEDICATION 
ABSTRACT 
ACKNOWLEDGEMENTS 
LIST OF TABLES 
LIST OF FIGURES 


LIST OF PLATES 


CHAPTER 
ee INTRODUCTION 


Structure and Classification of Antibody 
Molecules 


Problem of V and C Gene Integration . 


Basis of the "Two Gene — One Polypeptide" 
PON Cep cars 


Structural Studies on Immunoglobulin mRNA . 
Proposed Mechanisms of Integration 

Problem of the Origin of Antibody Diversity . 
Nature and Extent of Diversity 
Numbers of V and C Genes per Linkage Group 
Means of Distinguishing between the "Multiple 
Germ Line Gene"! and the "Somatic Generation" 


Hypotheses 


Results of Hybridization Studies with 
ImmunoglobulinemRNA'S)s enys Sais ssh. 


Purpose of the Present Study ....... 


vii 


Page 


Xi te 


10 


IZ 


yoo yh ies hin ‘aa 


| i agi Ripa Sei Yow. So cpenateed 
nat aie Mig nite alll walle 


Chapter 


Lie 


MATERIALS AND METHODS . 

WEN RS 6 wis a oI a hy AS eh Bh Sh ee 
DE Medium . 
DE-Methionine Medium 
Oiivoo(al)-Celluloses.. 
RES 100M e. sey Vasa ones Elecer. 
Biological Material 

Methods . 
Handling of Mouse Myeloma Lines . 
DNA Preparation . 
Preparation of tm vivo Markers 
Isolation and Purification of Heavy Chain mRNA 
Characterization of Heavy Chain mRNA 
Preparation of 125T-labelled RNA 


DPN leNdopen web aGerWoh Vs A ae Gy oS 5 AGS 


RESULTS . 

Immunofluorescence 

DNA Preparation . 

Preparation of Radioactive tm vivo Markers 
Preparation of Heavy Chain mRNA's 
Characterization of Heavy Chain mRNA's 

Further Purification of the Heavy Chain mRNA's 
Preparation of 125T_Jabelled RNA 


Preparation of a 3'-end Containing Fragment 
of H2020 a mRNA . 


viii 


yea oF 


tae Get 


ar ne 


Sak een saad 
ws 


_ 


ses ee 4 2 ow wee ys S 


> oo 2. © «4 & Bee € & & «+ -& FS 


» @ wey elielitie @ © 6 ea Bi F.2.\9'-9 oF? 

es «» ‘eot.s gh ©, S08, 42°4 83 © 
a - @ “ence @> OS, 6° )@,) Oy Poe 88 we 
o,2\e = @® 6) © 4 


® «« 6 Se '6 &« © 28 © © © (eo 2 eee 


.* *- * © * 


‘* * Ww + & © © 


‘= «© © © © © + * 


> ww @,.% 's 6 pa cs, 8. 2 ©, & © 


o 


Chapter Page 


ELT, (Cont'd) 
Dyom dla t TON SEXDGT IMC. sf ame moar wae ta cies re se eee 82 
Hybridization Kinetics of H2020 a and 
104E u RNA Preparations with Mouse 
GING es BPA” Alpe Aue ay ey Gedy gale A Perey ee bear as 82 
Hybridization of H2020 a and 104E uw RNA's 
with DNA's from Various Heavy Chain- 


RroducingaMyel OMS Sian... st a eet aren: meee one oe me 86 


Hybridization Studies with the H2020 a . 
By enaecontalnanoehrarmen tems vo .) . elvceso sce ae ae Ue 93 


Effect of the DNA Excess on the Final 
Hy Draalzat One Level at) on eee an, eee re ot are, 95 


TVe DISCUSSION Be, eee OF aes ic Se ak lee 99 


Purification and Characterization of 
HG AV VerGDALNeOMRNAGS emit. sees eae ae Mesh cou let ares Woes teres 99 


Hybridization Kinetics of H2020 a and 
TO4 pa TeRNAGsmwi theMouseslayver SNA set oeuchiey ft so. one EUS 


Hybridization Studies with Myeloma DNA's ........ 104 


Mey WHEAT? CC oa a. See yee po pe ee a ae ee ne ew BN 


ix 


= 
- ' -— 
ee ee * a ova F ‘> o> ® 
7 a» 0 © 
@ , 


Table 


LIST OF TABLES 


Description 


Summary of existing reports on hybridization 
studies with immunoglobulin mRNA's 


Immunofluorescent staining patterns of mouse 
myelomas 


Summarized results of the preparation of DNA 
for use in hybridization experiments 


Oligo(dT)-cellulose chromatography of 
membrane-bound polysomal (MBP) RNA 


Incorporation of *°S into acid-insoluble 
material, by a cell-free translation system 
supplemented with various RNA preparations 


Percent hybrid formed by H2020 a and 104E wu 
RNA's with the DNA from various heavy 
chain-producing myelomas 


Percent hybrid formed by H2020 a ‘complete 
sequence’ and 3'-end containing fragment 
with H2020, 104E, and J558 DNA's 


Effect of the DNA excess on the final 
hybridization level 


Page 


kil 


38 


42 


Sa 


56 


89 


94 


98 


Figure 


Le 


12 


EIST@0F RIGURES 


Size determination of a sonicated DNA preparation 
by sucrose density gradient centrifugation in 
comparison with a ribosomal and transfer RNA standard 


Elution profile of sonicated 104E DNA from a 
SP-Sephadex C-50 column 


Sucrose density gradient centrifugation of the 
cell supernatant of [?°S]methionine-labelled 


myeloma cells. 


Separation of heavy and light chains of reduced 
tn vivo immunoglobulins by chromatography on G200 
Sephadex. 


Sucrose density gradient centrifugation of 
membrane-bound polysome preparations 


Analytical sucrose density gradient centrifugation 
of oligo(dT)-cellulose fractions from H2020 
membrane-bound polysomal RNA 


Preparative sucrose density gradient centrifugation 
of the TE-II fractions obtained by two successive 
oligo(dT) chromatographies, each preceded by heat 
treatment 


Preparative polyacrylamide gel electrophoresis in 
99% formamide of the H2020 and 104E RNA preparations, 
in comparison with a ribosomal RNA standard 


Polyacrylamide gel electrophoresis in 99% formamide 
of eluted H2020 and 104E RNA, in comparison with a 
ribosomal RNA standard 


Sucrose density gradient centrifugation of iodinated 
RNA preparations 


Fractionation of a highly degraded 125T_labelled 
104E RNA preparation by successive sucrose density 
gradient centrifugations 


Fractionation of 3'-end containing fragments and 
"complete sequence' fragments of a 125T_1abelled 
H2020 RNA preparation by successive sucrose density 
gradient centrifugations 


Xi 


Page 


43 


44 


46 


47 


49 


DZ 


54 


1) 


id. 


78 


80 


81 


42 


¥ a4 


ants Ye al peQetst 
jalindat- — bet 


bogies Be 
(Ol) ne 


‘hw not ty oe it hbrddle 
ela) vs aq a 


* 
not gage it: ls 
i Mi : T. 3} (aes 


rhs 
“oP 


noOhMéavi oni 
SY 1Abe.s2 
Sab Wi tot 


aden poy kia (Rell Le ae rey : 
vt tgeegomls Ve cat hadolgashiees oube af 


er 7 


rem ag 


ta 


ages OF titaninee or situ: 
wales 02-0 


Fiesta vs dewed’ secre | 


=°") Xe neatarcene Tiee 


Tiel haty 


q om a ton Lnbed 


/efteo senbaits 


7 haa ore 
4 ates deen 


tasgl. Aes 2 teicye 2 2otaue tacks Lonk 


rues emul vibes finale. Yo 
MS Searewiong Sayed-annrdaew 


iheneb eeeroun ovbtwreqes? 


gvdp. enottset? 


i?-2? ely to 


swig Mees , 2otdqucye tacos (thy ogiso 


ut tase ae 


anole weyae74. 4 


ivahie “s yA Lenosdtix a AYte 


shinagwiet. 0 Sieagdgrtyseto foe si un cexzayto4 . 
«< Eh ete fi AGA 3607 bere CLOG) Gsaete Yo a 
busine 24 AMT Limmaet es, 


: eet neTs 


4 btyel yrasy ioe vine 
a0 a Tol os 22: aid 


jreques at 


birsantie! Ro: od TBE L YS te seeipasy, Ypleaud 


otis 


eau é 


tyid a de aes 


Satie 


_ 


Figure 


1. 


14. 


1S 


107 


EL: 


18, 


190% 


Hybridization kinetics with mouse liver DNA. (#1) 


Competition hybridization of 104E wu RNA (#1) with 
mouse liver DNA (#1) in the presence of 2 ugm/ml 


unlabelled mouse 18S ribosomal RNA 


Homologous and heterologous hybridizations of 
H2020 a and 104E uw RNA's (#1) and DNA's (#1) 


Hybridization of H2020 a RNA (#2) with various 
myeloma DNA's 


Hybridization kinetics of H2020 a RNA (#2) with 
H2020 DNA (#2), 104E DNA (#2) and J558 DNA 


Hybridization kinetics of H2020 a RNA ‘complete 
sequence' and 3'-end containing fragment with 
104E DNA (#2) 


Simplistic model of V-C gene integration by 
excision of interspersing DNA sequences 


sa Ba 


Page 


83 


85 


88 


ae 


B2 


96 


106 


oe 
"7 Ag ‘i 


“arb ty Ao od bos eire: -— 
Rg hi to sonst er GI 
I | eid : ma Was 

7 set 
pisolchil len whe 


wesnaag 
“ i wn a ey cae . et peers 


dei Pas en im” fh ee aK did — ouines 
. Lad = nar tT” ; ran 


ma Pa 


rid a 7, ey ba. ‘kilos dé maidens iapbtuas coll Ses 
MAG ge all ae 120) o Btu | aay nn 


oan . 


Bs ee es vin i aes rosneiplaiat 
AS Ei Sedge eS pre eg? 5 i ' tia 
= on iter i. 


e 


vd i ttay ree os = 3 Hibdn stvenae ae - 
re 


papa ME ee haben Ne end 
] : ry ; 


_ 


Plate 


LIST OF PHOTOGRAPHIC PLATES 


Description 


Intracellular immunofluorescent staining 
pattern of mouse myeloma lines 


Autoradiograph of SDS-polyacrylamide gel 
electrophoresis of the products synthesized 
in a cell-free translation system in response 
to the H2020 16S RNA preparation 


Autoradiograph of SDS-polyacrylamide gel 
electrophoresis of the products synthesized 

in a cell-free translation system in response 
to various 104E RNA sucrose gradient fractions 


Autoradiograph of the high voltage electro- 
phoresis at pH6.5 of tryptic peptides from 
the cell-free products of 104E RNA fractions 
and from 7” vivo uw chain 


Autoradiograph of the second-dimensional high 
voltage electrophoresis at pH3.5 of the 104E 
basic peptides obtained by the pH6.5 electro- 
phoresis 


Autoradiograph of the high voltage electro- 
phoresis at pH6.5 of tryptic peptides from 
the cell-free products of H2020 16S RNA and 
rabbit globin mRNA and from tm vtvo a chain 


Autoradiograph of the second-dimensional high 
voltage electrophoresis at pH3.5 of the H2020 


acidic and basic peptides obtained by the pH6.5 


electrophoresis 


Analytical polyacrylamide gel electrophoresis 
in 99% formamide 


Xo ek 


Page 


40 


58 


60 


64 


66 


69 


vA 


74 


om ~ 


hor lead Faye | 
SRA Fe ne ned 
ae eh wane, 
Leg, ch ina Pea ient Pa oui zak 
Re Peete urs to grea te ngor ey 
Jovsoctelat iret’, QueAy? igh errs beet aes oy on 


de ca in oart neaeeey: 4 


OR eLS, hy sec a ‘it — 
ret? pebetqna mirrqaay. wi Noein 4 
Py Pah AMA WEY Qe resin vin mor “= 
od eit *"a Gay ee vio _ 
tial Legs upon ie laa mea, gate Se ie a liter 1a e : 
ye 4 asl? 4 wend ip Fs Porwnigow od fo ooptloy - o 
~weteets 2 aly mnt | aakacnia vbbhaqeg: boi 
a tl eatery 


-UuPiael> « a ras ety: Fe sueet 


i937 we: 2 i a 7m: sy te 2¢ 7! 
vt pia pe etn deem adi : ei 


Ry asi 2726 ay GRE xin angie 


3A fore) earpinb Aa dyeryet 
ae pits; So : eked tee 
Fie oe 9s SeitegiT “adres se ee 


’ 


i , 7 ae 


rk aga zen 


7 g: 


n “a 


INTRODUCTION 


Eukaryotic messenger RNA (mRNA) is of great potential usefulness 
for detailed studies on the organization and expression of genes in 
higher organisms. In this respect, the study of immunoglobulin mRNA 
is particularly important because of two unique features of the immune 
system: 

1. The sequence of one immunoglobulin polypeptide chain appears 
to be controlled by two separate structural genes. Therefore, integra- 
tion of genetic information must occur at some level. 

2. A vast amount of diversity in terms of amino acid sequence 
exists among antibody molecules. The information required for this 
diversity must somehow be incorporated into the cellular genome. A 
lower limit of the extent of this diversity has been derived as follows 
(Fudenberg et al., 1972): upon immunization with an antigen, the concen- 
tration of a specific antibody in an animal's serum may increase as much 
as 10°-fold, without a corresponding increase in total immunoglobulin 
production. If each antibody was originally present in equal concen- 
tration in the unimmunized animal, it can be deduced that antibodies of 
at least 10° different specificities exist. 

The existing contributions, as well as the potential usefulness, 
of the study of purified immunoglobulin mRNA molecules towards the 
solving of these two fundamental immunological problems will be discussed 
in detail below. However, a critical evaluation of such studies is 
dependent, initially, on a thorough understanding of the basic structure 
of antibody molecules and of the precise relationship between specificity 


and amino acid sequence. 
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Structure and Classification of Antibody Molecules 


The basic structure of a typical antibody molecule was elucidated 
by Porter and Edelman as early as 1960, and shown to consist of two heavy 
chains (450—700 amino acids each) and two light chains (approximately 
200 amino acids each) joined by disulfide bridges. However, because 
antibodies from normal sera are very heterogeneous in antigenic charac- 
teristics and in amino acid sequence, more detailed structural studies 
were dependent on the recognition that the homogeneous myeloma and 
Bence-Jones proteins are related to normal immunoglobulins (Hilschmann 
and Craig, 1965). These proteins, which usually show no antibody 
activity, are produced by the malignant proliferation of a single immuno- 
globulin-producing cell. Such malignancies were found to occur naturally 
in both the man and the mouse, and have since been induced in the mouse 


by intraperitoneal injection of mineral oil. The homogeneity of these 
proteins provides a unique opportunity to study individual molecules 
apparently selected at random from the immunoglobulin pool. By peptide 
mapping and later by amino acid sequencing of these homogeneous proteins, 
it was recognized that each immunoglobulin chain has a unique sequence 
consisting of approximately 100 amino acid residues, at its amino 
terminal end. Because this sequence is different for each chain, it is 
therefore referred to as the variable region. In contrast, the 
remainder of each chain consists of a constant region that can be used 
to define particular classes and subclasses of immunoglobulins. More 
than 99% of the total human and mouse immunoglobulins have been identi- 
fied as belonging to one of three classes (IgG, IgA, or IgM) which are 
defined by the presence of specific heavy chains (Y, %, or U, respective- 
ly). Two light chain types, « and A, have also been defined, and each may 


combine with any one of the heavy chains to produce the final 
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immunoglobulin molecule. (Within one molecule, the two light and two 
heavy chains are each of the same class.) 

Furthermore, in humans, four subclasses of Y chains have been 
identified which differ in biological properties but which have a 
sequence homology of about 90%; although only limited sequence data are 
available, there is serological evidence for two subclasses each of a 
and L, as well. In contrast, subtypes of light chains appear to be 
extremely rare. Only in human X chains have subtypes been found; these 
differ in the constant region by a single amino acid substitution. 
Little homology exists between any variable and any constant region; 
however homology units, consisting of approximately 100—110 amino acid 
Tesidues. are definitely evident an the constant regions Of each class 
of immunoglobulin, and these units correspond to the loops formed by 
intrachain disulfide bridges. 

In summary, then, the basic structural unit of an immunoglobulin 


molecule can be depicted as follows (adapted from Fudenberg et al., 
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In this diagram, V denotes the variable region; C, the constant region; 


L, the light chain; and H, the heavy chain. The interchain disulfide 
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bridges are shown as dotted lines because their exact number and position 
vary between classes and species. Ch and Cy1-4 represent homology units. 
The IgM molecule contains one extra homology unit in the heavy chain 


(C,,4) as compared with the IgG or IgA molecule. 


Problem of V and C Gene Integration 


Basis of the "Two Gene - One Polypeptide" Concept 

A consideration of the peptide maps and/or amino acid sequences of 
a large number of myeloma proteins, combined with classical genetic 
Studies, suggests that the variable region is coded for by any one of 
more than a thousand genes, while the constant region is the product of 
a single gene. This observation was incorporated by Dreyer and Bennett 
(1965) into the hypothesis that two genes are involved in the synthesis 
of each immunoglobulin chain, one controlling the constant portion of 
theschainsandethe other, the variable POrtion. = 1 nesrormer, 1s) specific 
for each type of light or heavy chain, and has been designated as the 
C gene; the latter is different from one chain to another and can be 
any one of a gene cluster designated as V genes. 

Probably the most convincing piece of experimental evidence in 
support of this hypothesis comes from the work of Wang et al. (1970) on 
a rare human serum with monoclonal IgG and IgM proteins. From amino 
acid sequencing, it was determined that the heavy chains of these pro- 
teins, while differing by their possession of y or — constant regions, 
were identical in the amino acid sequence of their variable regions. 
Since it is highly improbable that two genes could maintain one-quarter 
of their corresponding polypeptide chains identical to each other 


throughout the evolution of the immune system, the best interpretation 
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of these data is that the constant and variable regions of each chain are 
under separate genetic control, and that the y and uC genes of this 


serum share the same V gene. 


Structural Studtes on Immunoglobulin mRNA 

The hypothesis of "two genes - one polypeptide" necessitates the 
existence of some mechanism by which the information encoded by the V 
and the C genes is joined to produce the final polypeptide. Theoretic- 
ally, such joining may occur at one of three levels: DNA, mRNA, or 
protein. However, recent studies on the nucleotide sequence of 
immunoglobulin mRNA' isolated from mouse myelomas have provided conclu- 
Sive evidence that both variable and constant region amino acid sequences 
are represented in the same mRNA molecule. In particular, the structure 
of the kK light chain mRNA from the MOPC21 mouse myeloma was determined 


DyeMilsteli er ma. (19/9) to be the following: 


Number / 59 32] 2 ocr Lar asa 
pera ! ! ; 3'0OH 
5'UT P V € 3'UT poly(A) 


iiethiseuleacrai, = \ represents the Variable region sequence sc amcne 
constant region sequence; P, the precursor sequence (i.e. those nucleo- 
tides corresponding to an amino acid sequence at the N-terminal end of 
the « light chain which is apparent in tn vitro translatés but not in 
tn vtvo secreted kK chains); and UT, the untranslated sequences (i.e. 
those nucleotide sequences which do not correspond to any aming acid 


sequences in either tn vitro or tm vivo kK chains). 
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Proposed Mechanisms of Integration 

Since the mRNA's used for sequence studies were invariably isolated 
from the microsomal cell fraction, the possibility is not eliminated 
that joining of V and C region information occurs at some Stage between 
transcription of the mRNA and attachment by ribosomes. It appears, 
however, that only constant and variable regions coded by the same 
chromosome can be associated in a single immunoglobulin polypeptide 
chain, the evidence for this being the predominantly 'cis' combination 
of allelic markers in rabbits heterozygous at both Cy and Vy; region loci 
(Tosi et al., 1970). Hence, it seems more likely that a DNA level of 


association is involved. 


Considering, then, that association of V and C region information 
does occur at the genetic intrachromosomal level, several mechanisms of 
gene integration have been proposed. The translocation mechanism, 
brought forth by Dreyer and Bennett (1965) and later expanded by Gally 
and Edelman (1970), suggests that V genes tandemly arranged on a chromo- 
some can form an 'episome-like' structure by an intrachromosomal 
recombinational event, diffuse a short distance to a nearby C gene in 
the same chromosome, and be inserted adjacente tO, the CG venesDyeauspecir1Cc 
integration enzyme. Implicit in this mechanism is the concept that 
joining of particular V and C genes would simultaneously commit the cell 
to the production of that immunoglobulin polypeptide. Alternatively, 
the branched network model of DNA was used by Smithies (1968) to devise 
a mechanism in which V genes are all arranged parallel to one another 
and are simultaneously adjacent to a parallel stack of C genes. Protein 


switches between the two stacks would direct the path of RNA polymerase 
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and thereby specify which of the many possible V-C combinations were to 
be expressed. At present, no direct experimental evidence exists in 


Support of either of these proposed mechanisms. 


Problem of the Origin of Antibody Diversity 


Nature and Extent of Diversity 

The phenotypic basis of antibody specificity, and consequently 
diversity, has been clearly elucidated: antibodies of different speci- 
ficity, as well as different antibodies directed against the same 
antigen, have different amino acid sequences. As indicated above, the 
variability is concentrated in the amino terminal 110—120 residues of 
the light or heavy chains, particularly in three regions of higher-than- 
usual variability within these residues (Wu and Kabat, 1970). By 
affinity labelling studies, these regions have been shown to comprise 
the antibody combining site (Singer and Doolittle, 1966). 

Furthermore, studies of the amino acid sequences of large numbers 
of myeloma variable regions have shown that each region can be unambigu- 
ously classified as belonging to k, A or heavy chains (Edelman and Gall, 
1966). That is, there appears to exist among immunoglobulin structural 
genes three linkage groups: a group of V genes associated only with the 
K chain C gene(s), a group of V genes associated only with the A chain 
C gene(s), and a group of V genes associated with any one of the heavy 
chain C genes. V regions from each group can be further classified into 
subgroups by the degree of amino acid sequence homology, using the 
following criteria: all V regions of the same subgroup show at least 
80% identity in sequence, while V regions of different subgroups are less 


than 60% identical. 
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Numbers of V and C Genes per Linkage Group 

Genetic studies have provided convincing evidence that only one C 
gene exists per linkage group for each immunoglobulin class or subclass 
(Liberman and Potter, 1966; Herzenberg et aZ., 1968). However, a great 
deal of controversy still remains as to the number of V genes in each 
linkage group. In general, two opposing views exist. The "multiple 
germ line gene" hypothesis predicts that all antibody sequences are 
encoded by genes directly transmittable from parent to offspring; that 
is, by germ line genes (Dreyer and Bennett, 1965; Hood and Talmage, 
1970). Using the previously estimated value of 10° different antibody 
sequences, a minimum of 10° V genes per linkage group are required by 
this hypothesis, assuming nonpreferential recombination of heavy and 
light schain types: “The “somatic generation” hypothesis; on the “other 
hand, predicts that the diversity in the variable region arises by 
somatic events, presumably recombination (Gally and Edelman, 1970) 
and/or mutation (Burnet, 1969; Jerne, 1970). Therefore, only a few 
master copies of the variable region genetic sequences are required in 
the germ line. Generally, this hypothesis recognizes that each V region 
subgroup is likely coded for by a different germ line gene, since it is 
very difficult to imagine somatic mechanisms which could produce, from 
one gene, two sequences which differ by more than 40% of their amino 
acid residues. Consequently, the minimum number of V genes predicted 
by the "somatic generation" hypothesis is generally considered to be 


equal to the number of subgroups of V,, Vj, and V,;, regions. 


Means of Distinguishing between the "Multiple Germ Line Gene" 
and the "Somatte Generatton" Hypotheses 


It is possible to present arguments both for and against each of 
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these hypotheses. For example, the Mendelian inheritance of genetic 
markers associated with the sequences of variable regions, and the great 
Selection pressure required to produce and maintain in the germ line the 
immense variety of different V sequences, seem to argue against the 
"multiple germ line gene" hypothesis. On the other hand, the "somatic 
generation" hypothesis requires an especially high rate of somatic 
recombination and/or mutation acting preferentially on V genes, or else 
a very strong selection’ to preserve: or proteome any cells in which 
such somatic events have occurred (Fudenberg et al., 1972). 

In general, all attempts to distinguish between the two hypotheses 
on the basis of classical genetical methods combined with sequence 
studies on immunoglobulin polypeptides have produced ambiguous or 
inconclusive results. However, there exists on the molecular genetic 
level, a direct approach to determining the actual origin of antibody 
CLVersuey. at latel sero COUle cle oe of polynucleotide sequences in 
the genome which correspond to variable regions. Such an approach 
would take the following experimental form: isolation, in a pure form, 
of the mRNA coding for a specific immunoglobulin class; demonstration 
of the identity and purity of this mRNA; radioactive labelling of the 
mRNA or its complementary DNA to a high specific activity; determination 
of the characteristics of hybridization of this radioactive probe with 
the corresponding DNA. From the hybridization data, it should then be 
possible to determine, according to the principles elucidated by Bishop 
et al. (1972), the reiteration frequencies of those DNA sequences 
responsible for the production of the particular mRNA. 

In performing such hybridization studies, it must be recognized 


that complete mRNA molecules consist of both V and C region sequences, 
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as discussed above; consequently, each sequence must be separately iden- 
tified as contributing to a particular portion of the hybridization 
kinetics. Also, in this way the hybridization studies can be used to 


confirm the genetical evidence for unique C genes. 


Results of Hybridtzatton Studtes with Immunoglobulin mRNA's 


To date, mouse myelomas, either as tm vivo tumor lines or as cell 
culture lines, have provided the most useful source of immunoglobulin 
mRNA. Reports of the preparation of mRNA fractions which have demonstra- 
ble activity in the in vitro synthesis of myeloma proteins, and the 
subsequent iodination and hybridization of these mRNA's with mouse DNA, 
are summarized in Table 1. In most of these reports, similar results 
were obtained with undifferentiated DNA (liver, spleen, embryo) as with 
myeloma DNA, indicating that specific amplification of immunoglobulin 
genes does not occur during lymphocyte differentiation. The major points 
evident from this summary are: 

a. The majority of each mRNA preparation contains sequences which 
hybridize with unique (or nearly unique) genes. 

b. In each mRNA preparation, there exist some sequences which 
hybridize more rapidly than the majority of the sequences. The exact 
proportion of these rapidly-hybridizing sequences, as well as their 
corresponding gene frequencies, varies greatly between reports. It 
remains to be determined if these variations are significant or if they 
merely represent differences in the purity of the mRNA probe or in the 
method of hybridization. 

In regard to the problem of assigning V and C sequences to a parti- 


cular portion of the hybridization kinetics, Storb (1974) and Premkumar 
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et al. (1974) assume, on the basis of purely ad hoc arguments, that the 
first transition (i.e. that representing rapidly-hybridizing sequences) 
corresponds to V sequences, and the second transition corresponds to a 
unique C sequence. They therefore interpret their data as a confirma- 
tion of the 'multiple germ line gene" hypothesis for the origin of 
antibody diversity. 

However, more judicious analyses have been carried out by Tonegawa 
et al. (1974) using competition hybridization experiments involving kK 
chain mRNA's isolated from both the same and different subgroups, and 
by Milstein et al. (1975) using either 3'-end fragments of the mRNA or 
complementary DNA transcripts containing varying proportions of C and V 
sequences. These experiments have confirmed that the unique (slowly- 
hybridizing) portion does correspond to the C region sequences. 
Furthermore, they provided no evidence whatsoever that excludes the 
assignment of the V region sequences as well to this slowly-hybridizing 
pOnCION we neretore, it seems entirely possible) that sonly one ox a) Tew 
V region germ line genes exist per subgroup, and that antibody diversity 
is generated by somatic events. The origin of the rapidly-hybridizing 
portion could be either repetitive untranslated sequences at the 5'-end 
of the immunoglobulin mRNA, or repetitive sequences at the 5'-ends of 
contaminating RNA species. The existing data do not distinguish between 


these two possibilities. 


Purpose of the Present Study 


It was desired, primarily, to extend the hybridization studies of 
the type described above to include additional heavy chain mRNA species, 


and thereby to provide a broader basis of evidence for distinguishing 
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between the "multiple germ line gene" and the "somatic generation" hypo- 
theses of the origin of antibody diversity. However, since the value of 
any hybridization study is dependent on the purity of the mRNA probe, 
and since heavy chain mRNA's appear to be intrinsically more difficult 
to purify than light chain mRNA's, the initial step was an attempt to 
improve existing methods for the purification of immunoglobulin mRNA's. 
Furthermore, the fact that all heavy chain constant region genes 
belong to one linkage group, suggests that such highly purified heavy 
chain mRNA's might also be valuable for investigating the integration of 


VeandeCeredion pintormation at the cenetic: level. 
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MATERIALS AND METHODS 


Materials 


In all procedures to be described, Merck analytical grade chemicals 
were used unless otherwise designated; glassware was autoclaved; and 
solutions were prepared with tridistilled water and autoclaved when 
possible. During critical steps in the isolation of mRNA (for example, 
oligo(dT)-cellulose chromatography and sucrose density gradient centri- 
fugation), glassware was treated with Baycovin (Diethylpyrocarbonate, 
Bayer) by soaking in a 1% solution overnight followed by autoclaving, 
and solutions were treated by stirring with 0.1% Baycovin overnight 
followed by air evacuation. 

Reagents or materials requiring special preparation were as 


follows: 


DE medtum 

Dulbecco's modified Eagle medium, obtained in powder form from 
GIBCO Co., was dissolved in glass-distilled water and supplemented with 
10 ml per liter of each of the following solutions: 200 mM L-Glutamine, 
100X Non Essential Amino Acids, and an antibiotic mixture consisting of 
15,000 units Penicillin plus 15,000 mcg Streptomycin per ml (each of 
these solutions being obtained from GIBCO). The medium was then filter 
sterilized and stored frozen at -20°C. Immediately prior to use, 
0.05% NaHCO3 and 10mM HEPES (N-2-Hydroxyethylpiperazine-N-2'-Ethane- 
sulfonic Acid, Calbiochem A grade) were added to adjust the pH. This 


final solution is hereafter referred to as DE medium. 
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DE - Methtontne medium 

Since the commercially available powder form of Dulbecco's modified 
Eagle medium contains the essential amino acids, this methionine-free 
medium had to be made completely from starting materials. The following 
solutions, in the quantities given, were mixed and made ODE tOmieti Ler 


with glass-distilled water: 


10X Salt Mix? 100 ml 
5OX Essential Amino Acid Solution - Methionine? 40 ml 
100X Non Essential Amino Acid Solution? . 20 ml 
100X Sodium Pyruvate Solution? 10 ml 
100X Vitamin Solution? 40 ml 
0.5% Phenol Red Solution? | 3 ml 
7.4% NaHCO3 50 ml 
0.12% NaH2PO,4+H20 100 ml 
200mM L-Glutamine? 10 ml 
Antibiotic mixture’ (10,000 units/ml Penicillin 10 ml 


10,000 mcg/ml Streptomycin) 


110X Salt Mix: 2.6 gm/1 CaCl2+2H20, 4.0 gm/1 KCl, 2 gm/1 MgSO.-7H20, 
64 gm/1 NaCl, 1.0 mgm/1 Fe(NO3)3-9H20, 11 gm/1 Glucose-H20 

250X Essential Amino Acid Solution - Methionine: 4mM each L-Tryptophan, 
L-Threonine; 10mM each L-Cystine, L-Histidine; 20mM each, L-Arginine-HCl, 
Glycine, L-Serine, L-Tyrosine, L-Phenylalanine; 40mM each L-Valine, 
L-Isoleucine, L-Lysine-HCl (all amino acids being obtained from Sigma). 


3These solutions were obtained from GIBCO Co. 
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The resulting solution was sterilized by filtration and stored frozen at 
-20°C. Immediately prior to use, the pH was adjusted by blowing through 


gaseous COz2 until the solution was an orange-red color. 


Oligo(dT)-Cellulose 

The preparation method according to Gilham (1964) involved three 
steps: 

1, Preparation of the pyridinium salt of TMP (thymidine monophos- 
phate: TMP-Naz2 (Miles or Sigma) dissolved in water was loaded on a 
column of Dowex 50 H” ion exchange resin (S5gm TMP-Naz Bere used per 
350ml wet volume Dowex). The column was washed with water and eluted 
fractions were monitored for optical density at 267nm (maximum absorption 
of TMP). The OD-containing fractions were pooled and concentrated in a 
flash evaporator to approximately 20ml per 10° ODs67 units of recovered 
TMP-H2. (All the following quantities are based on this amount of 
TMP-H2.) 

2. Polymertzatton of TMP-H2: Polymerization occurs only under 
completely anhydrous conditions. Therefore, all glassware and compounds - 
used in the following procedure were first carefully dried. For the 
TMP-H2 solution, this drying was accomplished by the repeated addition 
and evaporation of 15 ml of dry pyridine (anhydrously redistilled and 
stored over KOH pellets). Polymerization was then carried out by the 
addition of 4.5gm dry DCC (N,N'-dicyclohexylcarbodiimide, Fluka) to the 
TMP-H2 in 18ml dry pyridine, followed by vigorous shaking at room 
temperature for 5 days. 

3. Binding of oligo(dT) to cellulose: Following the further 


addition of 300ml of dry pyridine and 12gm of DCC, 30gm of Whatman CC31 
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cellulose (prewashed with alcohol and HCl and prebaked) were added to the 
Solution of polymerized TMP-H2. Shaking was continued for five to six 
days. 

At the end of the procedure, the oligo(dT)-cellulose was collected 
by filtration on a sintered glass funnel and washed extensively with 
absolute ethanol at 37°C, followed with distilled H20, until the optical 
density at 267nm was negligible. It was then dried in a vacuum oven at 


S7aG andastoredeat =20: @s 


RLS-100 

A high-speed supernatant of rat livers, which has been reported by 
Blobel and Potter (1966) to contain an effective inhibitor of RNase 
activity, was prepared as follows: male albino rats of the Wistar strain 
(300—350 grams in weight) were asphyxiated by CO2 vapor and bled by 
slitting the throats. Livers were removed immediately upon death of the 
animal, and each liver was put into 25ml of ice-cold Buffer B (0.3M 
sucrose, 50mM KCl, 10mM Tris-HCl pH7.5, 5mM MgClo2,1mM dithiothreitol), 
chopped with scissors, and homogenized 14 strokes in a motor-driven 
Teflon-glass tissue grinder (1200rpm, 0.3mm clearance). The microsomal 
fraction was removed by centrifuging in the Sorvall RC 2-B for 20 minutes 
at 15,000rpm, and the post-microsomal supernatant was recentrifuged at 
40,000rpm for 4 hours in the International Preparative Ultracentrifuge 
B-60 (rotor A170). After removal of the overlying fat layer, the 
supernatant obtained in this step was collected and frozen at -70°C. 
Immediately prior to use, it was carefully thawed at 37°C and spun once 


more in the Sorvall at 5000rpm for 20—30 minutes to remove any cloudi- 
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Btologtecal Matertal 

Mouse myeloma lines were obtained from the Salk Institute Cell 
Distribution Center and from Dr. M. Potter, with the following designa- 
tions concerning the class of immunoglobulin produced by each: 


MOPC 104E and YS781 (IgM), S28 (IgG,), MPC11 (IgG H2020 and J558 


rp)? 
(IgA). They were received as solid tumors growing subcutaneously in 
female Balb/C mice. The mice used for the further passage of these lines 
were obtained from the Institut fur biologische-medizinische Forschung, 
Fullinsdorf, Switzerland. The MOPC 104E (hereafter referred to more 
simply as 104E) and the H2020 myeloma lines were used as sources of u 


and a@ heavy chain mRNA, respectively, and all six lines, as well as 


livers from uninjected mice, were used as sources of DNA. 


Methods 


Handling of Mouse Myeloma Lines 

The myeloma lines were maintained as solid tumors in 8 to 20 week 
old female Balb/C mice by the serial subcutaneous injection of 1-2 x 107 
cells at intervals of 10—14 days. For this purpose, cell suspensions 
from dissected tumors were made in DE medium containing 1% fetal calf 
serum (FCS). A reserve stock of each myeloma was also maintained by 
freezing small aliquots of cell suspensions at -70°C in DE medium 
containing 20% FCS and 10% dimethylsulfoxide. 

At the completion of the experimental work described in this report, 
each myeloma line was checked by immunofluorescence to ensure that the 
production of immunoglobulin had been maintained as designated. This 
was done by intracellularly staining an acetic acid-fixed cell suspension 


of each myeloma with the fluorescently-labelled antiserum specific for 
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its immunoglobulin class, as well as with an unrelated antiserum (Holborow 


and Johnson, 1967). 


DNA Preparatton 

Methods described by Bishop (1972) were essentially followed through- 
out. 

1. Purtfteation of Nuclet: Livers from Balb/C mice were taken 
into Buffer C (0.3M sucrose, 50mM KCl, 10mM Tris-HCl pH7.5, 5mM MgCl2, 
4mM CaCl2) at a ratio of approximately lgm liver per 2ml buffer, and 
homogenized 12 strokes at 1200rpm in the glass-Teflon homogenizer 
described previously. The homogenate was filtered through 4 layers of 
ehneesecloth and spun Z500rpm =for 10 minutes in the f:5.C. PR-6- » The upper 
phase was aspirated and the remaining sediment was resuspended in an 
additional 1/2 volume of Buffer C. This suspension was then diluted to 
0.22M sucrose by the slow addition of water, layered over an equal 
volume of 0.34M sucrose containing 0.01M Tris-HCl pH7.5 and 4mM CaClo, 
and centrifuged 2500rpm for 15 minutes in the I.E.C. PR-6. The resulting 
pellet was suspended in 9 volumes of 2.2M sucrose containing Tris and 
CaCl» as above. The nuclei were sedimented by centrifugation at 
26,000rpm for one hour in the Spinco SW27 rotor, and stored frozen at 
-70°C, 

With the myeloma tumors, it was found that a simpler purification 
procedure resulted in equally satisfactory preparations of nuciez.. 
Briefly, 10—14 day old tumors were dissected and homogenized as 
described for the livers. However, when this homogenate was centrifuged 
at low speed, a distinct pellet was obtained, in contrast to thesliver 


homogenate. This pellet was suspended in Buffer C (10ml per gram) and 
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NP-40 was added to 0.5%. After stirring for 10 minutes in ice, the 
mixture was centrifuged at 2000rpm for 10 minutes in the Sorvall. The 
resulting pellet was then suspended in sucrose and the nuclei sedimented 
as described for the liver nuclei preparation. 

2. Extraction of DNA: The purified tumor or liver nuclei were 
suspended in TE-I buffer (0.05M Tris-HCl pH8.5, 0.05M NasEDTA) at a 
ratio of 1lml nuclei per 10ml buffer. SDS and pronase were added to 0.2% 
and 500 ugm/ml, respectively, and the suspension was incubated at 37°C 
for 5 hours, then shaken gently at room temperature overnight. When all 
the DNA was dissolved, NaCl was added to 0.5M, followed by 1/2 volume 
of water-saturated phenol. After shaking at room temperature for 60 
minutes, 1/2 the starting volume was added of a chloroform: isoamyl- 
alcohol solution (25:1). Shaking was continued for 10 minutes, then the 
mixture was spun 2000rpm for 10 minutes in the I.E.C. PR-6. The aqueous 
phase was collected and reextracted 2 more times, as above. Two volumes 
of ethanol were added to the final aqueous phase. The precipitated DNA 
was spooled on glass pipettes and redissolved in TE-I buffer by shaking 
overnight (the volume being the same as that originally used to suspend 
the nuclei). 5 units T,RNase and 50 ugm RNaseA (both heat-treated at 
80°C for 10 minutes) were added per ml of dissolved DNA. After incuba- 
tion at 37°C for 5 hours, SDS and pronase were added to 0.2% and 
200 ugm/ml, respectively. Incubation at 37°C was continued for at least 
30 minutes, then NaCl was added to 0.25M and the phenol-chloroform 
extraction was carried out three more times. DNA was collected from 
the ethanol precipitate of the final aqueous phase by spooling or by 
low-speed centrifugation, dried under vacuum and dissolved in a minimal 


volume of SP50 buffer (0.3M NaCl, 0.01M NaAcetate, DHS. 10i).8 If the DNA 
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appeared cloudy at this stage (due to aggregated glycogen which is also 
water soluble), it was cleared by centrifuging 40,000rpm for 20 minutes 
in the I.E.C. Al70 rotor. The clear supernatant was then measured for 
Optical density at 260 and 280 nm. 

3. Sonteatton and Stze Determinatton: After dilution to 50 ODo¢q 
units per ml in SP50 buffer, the DNA was sonicated in ice at an amplitude 
of 7 uw for 6 times 30 seconds with 30 second intervals (sonicator from 
M.S.E. Co.). The size of the resulting DNA fragments was determined by 
subjecting an aliquot to sucrose gradient centrifugation in comparison 
with a RNA standard. Linear 5—20% sucrose gradients (4ml each) were 
made in DAMON/IEC polyallomer tubes (#2841) using stock solutions of 
5% and 20% sucrose in TSE (10mM Tris-HCl pH7.5, 100mM NaCl, 2mM NazEDTA). 
0.25 to 0.5 ODoa¢69 units of sonicated DNA, as well as 20Do2¢69 units of a 
mouse ribosomal and transfer RNA preparation, were made up to 0.1ml in 
TSE and layered on the gradients. cone eae tenes was at 55,000rpm for 
180 minutes in the Spinco SW56 rotor at 18°C. Gradients were collected 
from the bottom of the tube with the optical density at 260nm being 
monitored continuously by a Gilford 2400 spectrophotometer fitted with 
an I.R.C. 4mm flowthrough cell. By comparison with the peaks of known 
S values formed by the RNA, the peak position of the sonicated DNA was 
assigned an S value. 

4. Gel Filtratton: In order to remove heavy metals, as well as 
remaining partially digested RNA, the sonicated DNA preparation was 
passed through a SP-Sephadex C-50 column (5 x 45cm) equilibrated in SP50 
buffer. 2000 OD26) units of a DNA preparation were loaded Be viscrin 
and 15 minute fractions of approximately 10ml were collected by washing 


with the SP50 buffer. Fractions were measured for ODz60 and pooled 
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accordingly. Between each run, the column was washed with a high salt 
buffer (1M NaCl, 0.01M NaAc, 0.02% NaN3). The pooled DNA was ethanol- 
precipitated by the addition of 1/10 volume of 3M NaAcetate and two 
volumes of absolute ethanol. After leaving this solution overnight at 
-20°C, the precipitate was collected in siliconized glass tubes by 
centrifugation, dried, and dissolved in 0.1xSSC (15mM sodium chloride - 
1.5mM sodium citrate; that is, 1/10 concentration of a standard saline- 
citrate solution) at concentrations appropriate for hybridization 


experiments. 


Preparation of in vivo Markers 

1. Isolation of 3?°S-Labelled Immunoglobulins: Cell suspensions 
of 104E and H2020 tumors were made at a concentration of 2 x 10® live 
cells per ml in DE - Methionine medium containing 1% dialyzed FCS. One 
ml of each suspension was plated and incubated 30 minutes at 37°C. 
Approximately 400 uCi of [*°S]-methionine (obtained from the Radiochemical 
Center, Amersham, with a specific activity of 338 Ci/mmol) were added. 
After incubation at 37°C for 4 hours, the cells were spun down and the 
supernatant was collected. Incorporation of the [*°S]-methionine into 
acid-insoluble material of the cell supernatant was measured by TCA- 
precipitation: a 20 pl aliquot of each supernatant was taken into 1 ml 
H20 and 0.5 mgm of bovine serum albumin was added as a carrier. 
Trichloroacetic acid was added to 5% and the solution was heated at 80°C 
for 20 minutes. After quick-cooling in ice, it was filtered through 
Whatman GF/A paper (2.4cm circles). The filter paper was washed three 
times with cold 50% TCA, dried at 100°C, and counted in Toluene/Triton x 


100/PPO/POPOP Scintillation fluid in a Packard Liquid Scintillation 


Spectometer (Model 3375). 
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*°S-labelled immunoglobulins were isolated from the total proteins 
secreted into the medium by sucrose gradient centrifugation of the cell 
Supernatant. Exponential 10—28% sucrose gradients (12 ml each) were 
prepared in DAMON/IEC polyallomer tubes (#2841) which had been cut to 
fit the Spinco SW41 rotor. Stock solutions consisted of 10% and 40% 
sucrose in 10X PBS (phosphate-buffered saline, GIBCO). One ml of cell 
Supernatant was layered on each gradient and centrifugation was carried 
out at 41,000 rpm for 20 hours in the Beckman Spinco 12 65B at 4°C. 
Gradients were collected (0.4 ml per fraction) and OD2¢60 scanned continu- 
ously, as described above. The radioactivity of each fraction was 
measured by TCA-precipitation. The peak fractions were pooled and 
dialyzed against 0.2M Tris-HCl pH8.2. 

2. Separatton of Light and Heavy Chatns: Procedures used were 
modifications of those previously described (Eisen et al., 1968). 
Immunoglobulin preparations were reduced by the addition of 100 ugm 
dithiothreitol per ml in the presence of 5.5M Guanidine-HCl (Schwarz- 
Mann, ultrapure), followed by incubation at 37°C for 90 minutes. 
Alkylation was carried out by the addition to 0.02M of iodoacetic acid 
(Fluka, recrystallised twice from chloroform). After incubation for 
one hour at room temperature, the solution was passed through a G-200 
Sephadex column equilibrated with 5M Guanidine-HCl in 0.1M Acetic acid. 
Fractions of 1.8 to 2 ml were collected and the radioactivity of each 
was measured directly by counting an aliquot in Toluene/PPO/POPOP 
scintillation fluid. Appropriate fractions were pooled, dialyzed 


extensively against 1% NHyHCO3, concentrated by lyophilization, and kept 
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Isolatton and Purtfication of Heavy Chain mRNA. 

1. Preparation of Membrane-Bound Polysomes (MBP): Tumor-bearing 
mice (usually 70 to 80 at a time) were sacrificed when the size of the 
tumor reached approximately lcm in diameter. This usually required 12 
to 14 days after injection for both 104E and H2020. The whole tumors 
were taken immediately into ice-cold DE medium containing 100 ugm/ml 
cycloheximide (Calbiochem B grade). All operations hereafter were 
carried out below 4°C. In this medium, the tumors were dissected into 
several pieces each, with fatty material, connective tissues, and 
necrosis being carefully cut away. The 'clean' pieces of tumor were 
then transferred to a mixture consisting of one part RLS-100 and one 
part Buffer B, plus 100 ugm/ml cycloheximide (approximately 8 grams of 
tumor material per 35ml mixture), and homogenized 12 strokes in the 
Teflon-glass tissue grinder. Unbroken cells, nuclei, and large membrane 
fragments were removed by centrifuging the homogenate at 6000rpm for 
10 minutes in the Sorvall RC 2-B. The supernatant was then subjected to 
higher centrifugation (20,000rpm, 10 minutes, Sorvall) to sediment the 
remaining membrane fragments which contain the bound polysomes. The 
pellet obtained in this step was gently resuspended in a mixture 
composed of one part RLS-100, one part TKM buffer (20mM Tris-HCl pH7.5, 
100mM KCl, 5SmM MgClz2) plus 100 ugm/ml cycloheximide (10ml of this 
mixture being used per 8 grams of starting tumor material). Nonidet 
P-40 (Bender and Hobein Co.) was added to this suspension to a final 
concentration of 1.2% (v/v), in order to release the MBP into the 
solution. After clearing by low speed centrifugation, the MBP solution 


was layered on a cushion of 1.8M sucrose in TKM (approximately 33ml of 
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MBP per 7ml cushion in Damon/IEC polyallomer tubes #2847), and centri- 
fuged at 26,000rpm for 20—24 hours at 4°C in a Spinco SW27 rotor. Under 
these conditions, the released MBP sedimented through the sucrose and 
formed a translucent pellet, which was then gently dissolved in ice-cold 
water (S—7ml per pellet) and cleared by centrifuging 10,000rpm for 

10 minutes in the Sorvall. OD260 Was measured and the preparation was 
stored at -70°C until further use. 

2. Analysts of MBP: Prior to use, an aliquot of each preparation 
was subjected to sucrose gradient centrifugation, in order to check the 
quality of the MBP. Exponential sucrose gradients (5 ml each) were 
prepared in Beckman cellulose nitrate tubes (#305050), using TKM buffer 
and 1.5M sucrose in TKM as stock solutions. Three OD2¢g9 units of each MBP 
preparation, diluted to 0.2ml with TKM, were loaded per gradient, and 
centrifugation was carried out at 50,000rpm in the SW 50.1 rotor of a 
Beckman Spinco 12 65B for 20 minutes at 4°C with no brake. Gradients 
were collected from the bottom of the tubes and OD»¢q was monitored 
continuously, as previously described. 

3. Extraction of RNA from MBP: Frozen MBP, at a concentration of 
30—50 ODo69 units/ml, were aiewed carefully at 4°C. Lithium dodecyl 
sulphate (LDS) was added to 0.2% and proteinase K (chromatographically 
pure) to 200 wgm/ml. After incubation at 0°C for 10 minutes, the LDS 
concentration was raised to 1.0%, and the resulting solution was made 
100mM in Tris-HCL pH9.0 and 2mM in NajEDTA. An equal volume of a 
phenol:cresol:water mixture (100:14:40) was added, and the resulting 
mixture was shaken at 4°C for 30 minutes. The phases were separated by 


centrifuging at 10,000rpm for 10 minutes in the Sorvall. The upper 
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aqueous phase was removed and kept at 4°C, while the cloudy-white inter- 
phase was collected, suspended in 20ml of a buffer consisting of 100mM 
Tris-HCl pH9.0 and 2mM Na EDTA, and reextracted by shaking for 15 minutes 
at 4°C with 20ml of a chloroform:isoamylalcohol mixture (251) eAcain 
the phases were separated by centrifugation. The aqueous phase so 
obtained was combined with the first, and the phenol:cresol:water 
extraction was repeated 2 times more. The final aqueous phase was made 
up to 0.5M in sodium acetate pHS, 2 volumes of absolute ethanol were 
added, and this solution was kept at -20°C overnight. The resulting RNA 
precipitate was collected by centrifugation (30 minutes at 1200rpm in 
the IEC PR6 centrifuge), dried under vacuum, and dissolved in a minimal 
volume of TE-II buffer (10mM Tris-HCl pH7.5, 0.2mM NajEDTA). Optical 
densities at 260 and 280nm were determined with a Beckman DB GT spectro- 
photometer. 

4. Oltgo(dT)-Cellulose Chromatography: Oligo(dT)-cellulose, at a 
ratio of 1 gm per 1000 ODo¢_9 units of membrane-bound polysomal RNA, was 
packed in a glass jacketed column (diameter 2cm) with water circulating 
at 25°€, and equilibrated in TEK(0.5) buffer’ (TE-II plus 0.5M°KC1). 

The extracted RNA was diluted to 100 OD2¢69 units per ml in TE-II buffer, 
heated in an Erlenmeyer flask having a large surface area:volume ratio 
at 70°C for 5 minutes, and quick-cooled in ice water. KCl was then 
added to 0.5M, and the resulting solution was warmed to 25°C and loaded 
on the oligo(dT)-cellulose column with a flow rate of not more than 10ml 
per hour. After the RNA solution had completely entered the cellulose, 
the column was sequentially washed with TEK(O85) butter, *TEK(O21) butter 


(which? is" TE-Il plus®0.1M?KC1)*"and TE-I1 buffer. The column outflow 
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was continuously monitored for UV-transmittable material by a LKB UV 
Absorbtiometer and Recorder and the buffers were changed each time when 
the percent transmission returned to the base line. Durangethestarstec 
washes, 50 minute fractions of 5—10ml per fraction were collected, and 
during the final TE-II elution, 15 minute fractions of not more than 
2ml per fraction were collected. Fractions eluted at each step were 
pooled, and the ODy¢, and the volume were measured accurately. The 
TE-II pool was subjected to a second oligo(dT)-cellulose chromatography 
by repeating exactly the above procedure including the heat treatment. 
Appropriate fractions were again pooled and the RNA was ethanol- 
precipitated. 

5. Sucrose Denstty Gradient Centrtfugatton: Exponential 10—-28% 
Sucrose gradients (13ml each) were made in Damon/IEC polyallomer tubes 
(#2841), using stock solutions of 10% and 37.5% sucrose in TLE buffer 
(5mM Tris-HCl pH7.5, 0.1% LDS, 0.2mM Na,EDTA). The ethanol precipitates 
of the oligo(dT)-cellulose columns were collected by centrifugation 
(20,000rpm for 30 minutes in Spinco SW27 or SW41 rotors), dried, and 
dissolved in TLE buffer at a maximum concentration of 40 ODg6o9 units/ml. 
This dissolved RNA was then heated at 70°C for 3 minutes, quick-cooled 
in ice water, and layered on the sucrose gradients (0.5ml/gradient). 
Centrifugation was at 40,000rpm for 24 hours in an I.E.C. SB283 rotor at 
6°C. Fractions of 0.4ml each were collected from the bottom of the 
tubes with the OD»¢q being monitored continuously. Those fractions 
which were thought to contain heavy chain mRNA were made up to 0.5ml 
with the 37.5% sucrose in TLE, measured more accurately for OD2¢60 in 


the Beckman DB GT Spectrophotometer, and ethanol precipitated. The 
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precipitates were collected by centrifugation, dried, and dissolved in 
0.01M Tris-HCl pH7.5 at a concentration of 2500D2¢69 units/ml (equivalent 
to 1 ugm RNA/m1). 

6. Polyacrylamide Gel Electrophoresis: RNA samples in 0.01M 
Tris or in water were subjected to polyacrylamide gel electrophoresis 
in the presence of formamide, according to the following procedure 
(which contains only minor modifications of the one described by Berns 
et al., 1974). Merck analytical grade formamide was deionized by 
stirring overnight with 10% Biorad mixed bed ion exchange-resin. After 
removal of the resin by filtration, Na,HPO, and NaH»PO, were added to 
0.01M each, and the pH was adjusted to 6.5 with 100% acetic acid. 3.5% 
polyacrylamide gels (0.6 x 8 cm) were polymerized in plexiglass tubes, 
using a solution of 3.5% acrylamide, 0.175% bis-acrylamide, 0.2% (v/v) 
TEMED, (N,N,N',N'-Tetramethylethylene diamine, Fluka) and 0.1% ammonium 
persulphate prepared in water. (Acrylamide and bis-acrylamide, obtained 
from Fluka, were recrystallized before use.) After polymerization was 
complete, the gels were blown out from the tubes into phosphate-buffered 
formamide solution (approximately 200ml per 10 gels) in a shallow glass 
container, and shaken gently at room temperature for 5—7 days with the 
formamide solution being changed every 24 hours during this time. By 
the end of this equilibration in formamide, the gels had elongated 
considerably. They were then cut back to the original length of 8cm, 
sucked back into the plexiglass tubes, and pre-electrophoresed at 15 
volts per cm for 1/2 hour. 

A maximum of 10 pgm of RNA was first made up to 10 yl in Tris or 


H>O and then adjusted to 80% in formamide by adding 4 volumes of sample 
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buffer (phosphate-buffered formamide containing 15% sucrose and 0.01% 
Bromophenol Blue). The final volume of 50 ul was applied per gel. 
Electrophoresis was carried out at 5 volts/cm until the samples had 
completely entered the gels (approximately 30 minutes) followed by 

15 volts/cm for 20 hours. Buffer was circulated from the bottom to 

the top chambers during the electrophoresis, and the bottom chamber was 
cooled with tap water (approximately 16°C). After the electrophoresis, 
the gels were scanned at 260nm in a Gilford 2500 Spectrophotometer 
adapted with a 2410-S linear transport device. When the electrophoresis 
was performed for analytical purposes, the gels were then stained 
overnight with a 0.005% solution of "Stain-All'" (Eastman Kodak Co.) in 
50% formamide. Destaining was by tap water, out of direct light. 
Alternatively, when the electrophoresis was performed as a preparative 
step in the purification procedure, a 1—2mm slice was cut out of the 
heavy chain mRNA-containing band immediately after scanning. The band 
position could be located very precisely in the following way. First, 
its approximate position in the gel was estimated from the peak on the 
optical density scan. A small amount of 1% Bromophenol blue solution 
was then injected transversely into the gel at either side of the 
estimated band center, not more than 5mm apart, using a fine gauge 
syringe needle. When the gel was rescanned at 260nm, the injected BPB 
produced two sharp absorption lines. The relation of these lines to 
the center of the peak on the recording paper was used to locate 
precisely the center of the band between the two thin blue lines formed 


by the BPB in the gel. The appropriate gel slice was then cut out 


accordingly. 
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7. Elution of RNA from Gels: The gel slices obtained in the above 
Steps were homogenized in a buffer consisting of 2ml of 0.5M NaAcetate 
pH6.0, 1 drop of 2M Tris-HCl pH9.0, and a few drops of phenol, using a 
loose-fitting glass tissue grinder. All the glassware used throughout 
the elution procedure was well siliconized. The crushed gel was 
incubated at 37°C for 20 minutes, vortexed 10 seconds, frozen quickly 
in a dry ice-methanol bath, and thawed quickly at 37°C. After this 
incubating-vortexing-freezing-thawing procedure was repeated 2 more 
times, the suspension of crushed gel was centrifuged 3000rpm for 5 
minutes in the I.E.C. PR-6, and the supernatant was saved. The gel was 
then subjected to three more rounds of extraction, using one ml of 
buffer mix. The resulting supernatant was combined with tHe first and, 
after the addition of 2 volumes of ethanol, was kept at -20°C for at 
least 24 hours. 

8. Hydroxyapatite-Chromatography of the Gel Eluant: In the above 
procedure, linear polyacrylate also elutes from the gel and coprecipi- 
tates with the RNA at the addition of ethanol. It was reneved as 
follows by taking advantage of the fact that RNA binds nonspecifically 
to hydroxyapatite under low salt conditions. A small hydroxyapatite 
column (approximately 1.5 x 0.5 cm) was prepared using Hypatite C from 
Clarkson Chemical Co., and was washed with NP(0.05) (0.025M Na2HPO,, 
0.025M NaH2PO,). The precipitate of the formamide gel eluant was collected 
by centrifugation, dried, dissolved in 0.5ml of NP(0.05), and loaded on 
the column at a flow rate of not more than one ml per 10 minutes. The 
column was washed extensively with NP(0.05) to remove all unbound 


material, with the outflow being monitored for optical density at 207nm 


at op) yo rr 
7” ana, 18 con = 
7 a eae sails watt ia hs ei 
ven ‘prati tach eX | ahs y i yeahs re 
_- nen Seale i Po Sy 8 re Wie 7, Beh kau wise - 6 


sicltiyoydes lige) sole ont) aris id Bee wees 


ri yao 


‘. 4 r) 
= _ 
or 

‘eel evs 


i 


vi 
2h lag iter OAT 3 bP ‘nese Bie why — 


Visi up mee » shinee |) Soar Pereliie 7 - meee os 
hive , 
iad bein 2° ND de VORana aa: Bes, | tifa rate 
; a al Ps . 
im © hel eare tw wribGs oud) Sits? py) 20 ee sere 


. 
= 


Yar maQone begat rs. it y ‘an ges. Snare ial a sty i i 


cy) if. W.. o > 
* e ® : 
zi lu, of? | havee enh” sa TSO Ghe we? one's nt " bi tae ae 
as Le Ro niibeu pnp t Tremeee ay 40) Panty p48 YA goat 4: “er 
% i ' t i r] | A - 


baw 2ack4 OF bithe bBardtics sev pra sdir aque! thts et witt +3 a 


ta som Dm ge leeediesv  toraiie.16 eowidey, 5/86 enrLret ie 42 Pa a 
"i e j » é ‘ ; a ‘ : : : 7 i : a 
er} PP ] , ; ‘ a 7 ; 7 7 
: a 7 2 ‘ J 
* : hy 
ae 


> 7 ae en ; 7  @ > 
Sve Git ; Trees, Yu wie * WU yore ND al a £ a arity “es 


” 


i , : : AP 
Gh enog bap Tegoast mort 2etile! sete S945 veiadelén fey ‘— 
* an Py ts —s, 
se Levomss anv tl’ »iopadde go neprils sity 4 ba naicen ty ba pr 
| ee ia _ fy vat mie? 
aoe) Tonge airy My, ale 1307 oily 4 aes rahe itt os awa 


4 


: nde 
ai? yy OM hiogs wil Slag A oe Ti iy: hes ak on 8 1X erh 
7 
7 


mernt wo, voy wsy os te ae i] at % om Tat: tA 

; rains a Cea il Wit : Sn ee: wy 
eat oe Bia mati te fe gt ee : 
i ah bows 


6 ba i wo bie ; a0 
‘s 
t 


: 


DL 


(the maximum absorption of acrylamide). When OD could no longer be 
detected, the RNA was eluted with NP(0.4) (0.2M NajHPO,, 0.2M NaH»PO,,) 

in as small a volume as possible, monitoring the OD at 260nm. The 
eluted RNA was then dialyzed against H20, concentrated by lyophilization, 


ethanol-precipitated, and redissolved in 20 ul of water. 


Characterization of Heavy Chain mRNA 

1. In vitro Translation: Translation of the heavy chain mRNA 
preparations was carried out in the mammalian cell-free system of 
Schreier and Staehlin (1973) with separated initiation ere being 
substituted for the partially purified preparation originally described. 
Purified globin mRNA was translated in parallel with the 104E and H2020 
samples to be tested. Labelling of the translation products was by 
[35s]-Methionine. 

At the completion of translation, incorporation of 35S into the 
TCA-precipitable material was determined for a 5 ul aliquot of the 
reaction mixture. The remainder of the cell-free products were precipi- 
tated with lml of 10% TCA and left overnight at 4°C. The precipitates 
were collected by centrifugation and washed one time with cold 5% TCA 
and three times with cold acetone (by vortexing and centrifuging). The 
final precipitate was dried and dissolved in a minimal volume of 1% 
NH,,HCO3. 

2. SDS - Polyacrylamide Gel Electrophorests: The procedure was 
based on that of Laemmli (1970). Stock solutions were prepared as 
follows: Solution A, 30 gm acrylamide plus 0.8 gm bis-acrylamide made 
up to 100 ml with water, filtered through 50 Whatmann, and stored cold 


and dark; Solution B, 18.15 gm Tris (Trizma base, Sigma) plus 50 ml 
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water, pH adjusted to 8.8 with 1M HCl, volume adjusted to 100 ml with 
water; Solution C, 10% sodium dodecyl sulphate (SDS) in water; Solution 
D, 6 gm Tris plus 40 ml water, pH adjusted to 6.8 with 1M HC1, volume 
adjusted to 100 ml with water. A 13%-acrylamide solution (containing 
0.35% bis-acrylamide, 2.25% Tris, and 0.1% SDS) was then prepared using 
appropriate volumes of Solutions A, B and C. After the addition of 
0.025% (v/v) Temed, and 0.30% APS (ammonium persulphate, Fluka), this 
solution was polymerized in a glass form to give a slab gel approximately 
14 cm long and 2 mm thick. This was overlaid with a 4%-acrylamide spacer 
gel, having a lower pH and containing 0.11% bis-acrylamide, 1.5% Tris 

and 0.1% SDS from the appropriate additions of Solutions A, D, and C, 
plus 0.05% (v/v) Temed and 0.1% APS. Slits for the application of 
samples were made by inserting a plexiglass form before polymerization 

of the spacer gel was complete in such a way that the samples would 
migrate through approximately 2cm See cnacen gel before entering the 13% 
gel. 

A portion of each washed cell-free product containing the desired 
number of cpm's, as well as portions of the tm vivo markers (see above 
for preparation), were lyophilized to dryness and redissolved in 50 ul 
of sample buffer (0.6% Tris-HCl pH6.8, 1.0% SDS, 1.0%[v/v]8-Mercapto- 
ethanol, 10%[v/v] Glycerol, and 0.005% Bromophenol Blue). The samples 
were then heated at 100°C for 3 minutes to prevent aggregation, and 
applied to the gel. Electrophoresis was carried out in a Das ol yeLne - 
SDS buffer (0.6%:2.88%:0.1%) at 120 volts for 12 to 14 hours. The gel 
was then removed from the form, dried under vacuum with the help of an 


infrared lamp, and autoradiographed using Kodak X-ray film. 
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3. Iwo-Dimenstonal High Voltage Electrophoresis: Tryptic digests 
of cell-free products and tn vivo markers were prepared and analyzed by 
high voltage electrophoresis, according to the following procedure. 
Since immunoglobulin chains are resistant to tryptic digestion unless 
their intrachain disulphide bridges are broken, the cell-free products 
were first reduced and alkylated by the procedure described previously 
for the in vivo immunoglobulin preparations, and dialyzed against 1% 
NH,HCO3. A portion containing the desired number of cpm's from each 
reduced cell-free product and heavy chain im vivo preparation was then 
made up to 2mgm in protein by adding bovine serum albumin. Tryptic 
digestion was carried out by adding 20 yugm of trypsin per 2mgm of total 
protein and incubating 4 hours at 37°C. After lyophilization, the 
resulting tryptic digests were dissolved in 75 yl of pH6.5 buffer (10% 
pyridine, 0.4% acetic acid), and applied in 2cm lines to the center of 
Whatmann 3MM paper. Electrophoresis was carried out in the same buffer 
at 300 volts for 47 or 60 minutes, in the Gilson Model DW high voltage 
electrophoreter. Autoradiography was performed to locate the positions 
of the peptides on the paper. The peptides were then cut apart as 
desired, sewed on to a new paper, and run in the perpendicular direction 
in pH3.5 buffer (1% pyridine, 10% acetic acid), again at 3000 volts anor 


47 or 60 minutes. 


Preparation of 1*°I-labelled RNA 


Iodination was carried out according to Commerford (1971). pi25 


was obtained from the Eidg. Institut flr Reaktorforschung (Wurlingen, 


Switzerland) in portions of 5mCi in 10 ul. The pH was AdjUSCedNLO wou 
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by adding 10 “mmoles of NH, Acetate pH5.0 and 10 ’mmoles of HCl; then the 
volume was made up to 50 wl with H,»O. A 100 ul reaction mixture, contain- 
ing the RNA sample to be iodinated, plus the desired number of mCi of 
125] from the above solution, plus ammonium acetate pH5.0, potassium 
iodide, and thallium chloride in final concentrations of 100mM, 

1x10 *mM and 1mM respectively, was assembled in ice, with the thallium 
chloride being added last. This reaction mixture was incubated at 60°C 
for 40 minutes, during which time binding of the iodine to the RNA occurs 
in conjunction with the reduction of Tl 3, The reaction mixture was then 
chilled in ice, and excess T1*3 was reduced by adding 10 2mmoles Tris-HCl 
pH9.0, 10 %mmoles Na7S03 and 10 ‘mmoles Na EDTA and reincubating at 60°C 
for 18 minutes. 

Immediately following this incubation, unbound iodine was removed 
by passing the reaction mixture through a small HAP column, according to 
the method already described, with nine NP(0.05) wash and the NP(0.4) 
eluant being monitored for radioactivity rather than for optical density. 
This was done by counting a 5 ul aliquot of each collected fraction 
directly in a Nuclear-Chicago Autogamma Scintillation Spectrometer 
(efficiency of 1251 = 80%). NP(0.4) fractions were pooled according to 
the counts, dialyzed extensively against H20 after the addition of 
50 ugm/ml carrier RNA (purified yeast tRNA or #. colt rRNA), and ethanol 
precipitated. The precipitates were collected and run on 10—28% 
sucrose gradients in TLE, according to the method described above. 
Gradient fractions of approximately 0.4ml each were collected manually 
from the bottom of the tubes, and 125T activity was measured if the 


Nuclear Chicago. Appropriate fractions were ethanol precipitated, again 
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after the addition of 50 ygm/ml carrier. The precipitated material was 
collected, counted, and dissolved in 0.1xSSC at the concentration desired 


for use in hybridization experiments. 


DNA-RWA Hybridization 


Experiments were performed in order to determine the final level 
and/or the kinetics of hybridization between various combinations of 
DNA's and RNA's. In general, the procedure described by Tonegawa et al. 


(1974) was followed: 


Hybridization was carried out at 70° in 2xSSC at a final 
concentrattons of 0.22, 2.2, or 22me ot DNAT per mi. 

DNA in 0.1xSSC was denatured by heating at 100° for 5 min. 
in siliconized conical tubes under mineral oil. [}25I]RNA in 
0.1xSSC was added and the heating was continued for another 
2 min. An aliquot was withdrawn for determination of the 
"intrinsic RNase-resistant fraction.'' The tube was then 
transferred to a 70° water bath. After 30 sec, one-ninth 
volume of preheated 20xSSC was added and quickly mixed; 

this was taken as time 0. At intervals, 50- to 200-pl 
samples were withdrawn and quickly mixed with 10-20 ml of 
precooled 2xSSC. The diluted hybridization mixture was 
divided into four equal parts. In two parts, the nucleic 
acid was directly precipitated with one-fifth volume of 

50% trichloroacetic acid. When the DNA concentration for 
annealing was 0.22 or 2.2 mg/ml, 500 pg of yeast RNA 
(Worthington) was added as precipitation carrier. The 
other two parts were treated with 20 ug/ml of bovine pan- 
creatic RNase and 2 units/ml of T-1 RNase at 37° for 20 min. 
(Both nucleases had been preheated at 80° for 10 min in 
2xSSC at pH 5.0 in order to inactivate contaminating DNase.) 
The RNase-treated samples were chilled in ice (carrier added 


if necessary), and precipitated with one-fifth volume of 50% 


trichloroacetic acid. 
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Minor modifications of this procedure in the work to be described were as 
follows: DNA concentrations sometimes varied by 1—10% from those given 
above; in some experiments which studied only the final level, and not 
the kinetics, of hybridization, the intrinsic RNase-resistant fraction 
was not determined; some hybridizations were carried out with 6xSSC at 
PoaGaacuwelleas witheexsscrat 70°G. 

The precipitated nucleic acid from each sample was collected by 
filtration on Whatman GFA paper (2.4cm circles) and washed 3 times with 
cold 5% TCA and once with 98% ethanol. The filter papers were then 
dried at 100°C and counted for !2°I activity in the Nuclear-Chicago. The 
fraction hybridized at each time point was determined by the ratio of 
the radioactivity in the RNase-treated samples to the radioactivity in 
-the untreated samples. For the Ct curves, the values so obtained were 


corrected by subtraction of the intrinsic RNase-resistant fraction. 
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RESULTS 
Immunof luorescence 


For the myeloma lines H2020, J558, 104E, Y5781, and S28, no dis- 
crepancies were found between the designated immunoglobulin class and 
the immunofluorescent staining pattern. Data concerning the proportions 
of cells stained by each fluorescently-labelled antiserum, as well as an 
estimate of the intensity of staining, are given in Table 2. Photo- 
graphs of each cell suspension, stained with the antiserum specific for 

its heavy chain class, are shown in Plate l. 
| The IgG5,-producing myeloma, MPC11, showed an unexpected staining 
pattern with anti-Yo,° only one positive cell was found out of more 
than 1000 cells scored. This likely represents the arisal in our 
myeloma line of variant cells which are incapable of producing y heavy 
chains; such instances have been reported previously for other MPC11 
cell lines (Scharff et al., 1975). The failure of an attempt to isolate 
ymRNA from our cell line (my own unpublished results) indicates that, 
in this case at least, the presence of such variant cells is the result 
of events at the transcriptional or the gene level, rather than at the 
translational level. 

In all cases, a control staining made with an unrelated antiserum 
(anti-y, in the case of the IgM myelomas and anti-u in all other cases) 


was found to be completely negative. 


DNA Preparation 
It was found that a convenient amount of starting material for 
the preparation of DNA was approximately 200 tumors or 300 livers, from 


which 10—20m1 of purified nuclei were usually obtained, yielding a 
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EAB LE 2e Immunofluorescent Staining Patterns of Mouse Myelomas 
Specific Proportion of Intensity of 
Myeloma anti-serum Stained cells staining 
104E anti-1 75% Roe ca ton 


bright to faint 


Y5781 anti-u 15—20% bright 


75—80% ranged from faint 
to almost negligible 


S28 anti-Y, 50% moderately bright 
J558 anti-o 90% bright 
H2020 anti-a 90% moderately bright 
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Intracellular imnunofluorescent staining pattern of 


Prarceuie 
mouse myeloma lines. 


Antisera used: H2020 and J558, anti-a; S28, anti-yi; 
104E and Y5781, anti-w. 
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final amount of 75—150mgm DNA. Therefore, those types of DNA required 
in large quantities were prepared on separate occasions. Since the 
results obtained at each step of the procedure were entirely comparable 
on each occasion and for each DNA type, the final results only are 
summarized in Table 3. Detailed results of the size determination and 
the SP50 column fractionation are given below for one preparation as an 
example. 

The ODz¢9 scan of the sucrose density gradient centrifugation of 
a 104E sonicated DNA preparation is shown in Figure 1, in comparison 
with that of ribosomal and transfer RNA. The distances of migration of 


the two RNA components of known S values (distance A for the 4S tRNA 


and distance B for the 18S rRNA) were correlated to the average distance 


of migration of the DNA in the parallel gradient, as shown in Figure l. 
np thiseway, jthe);s value of the DNA peak was determined tobe o.5, 
According to the formula of Studier (1965), S = 0.0882 M2-36 the aver- 
age single-stranded molecular weight of the sonicated DNA was therefore 
calculated to be 1.6x10° (equivalent to 500 nucleotides per strand, 
assuming an average molecular weight per nucleotide of 320). The 
SluUctONsprorile= t Lome an SP-50 column of this same 104E preparation is 
shown in Figure 2. More than 90% of the ODj)¢9-absorbing material was 
eluted in one peak, representing the sonicated DNA. The tail of this 
peak probably contains DNA fragments which are considerably smaller 
than the average size. By pooling fractions as indicated, such DNA 
fragments, plus the small amount of OD-absorbing material eluted after 
extensive washing of the column (probably digested RNA fragments), were 


excluded from the DNA used for hybridization experiments. Furthermore, 
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Figure 2. Elution profile of sonicated 104E DNA from an 
SP-Sephadex C-50 column. 


since SP50 is a cation exchanger, the DNA pooled from this column should 
be free of all heavy metals which might influence the hybridization 


reaction. 


Preparation of Radioactive in vivo Markers 


104E and H2020 myeloma cells were labelled with [?°S]-methionine 
as described in Materials and Methods. Incorporation of 35S into the 
acid-insoluble material of the cell supernatant was 6.25x10/cpm per ml 
for H2020 and 2.05x10’cpm per ml for 104E. In each cell suspension, 
approximately 80% live cells were present at the start of the labelling 
time and 60% at the end. This indicates that the acid-insoluble 
radioactivity has actually been secreted into the medium, and not merely 
released by the lysis of dead cells. 

The labelled immunoglobulins were then isolated from the total 
Secreted proteins Dy fractionation of the cell) supernatants onssucrose 
gradients. The ODo¢gq scans and the TCA-precipitable counts of the peak 
fractions are given in Figure 3. Fractions 5—7 were pooled from the 
104E gradient as [3°S]-IgM (1.8x10°cpm) and fractions 17 and 18 from 
the H2020 gradient as [35S]-IgA (2.3x10’cpm). 

From each of these pools, approximately 10% was saved as complete 
in vivo IgM or IgA for future use. Pure heavy chain markers were 
prepared from the remaining 90% by reduction and alkylation of the 


disulphide bridges, followed by G200 Sephadex column chromatography 


under acidic conditions. Clean separation of the heavy and light 


chains was achieved in each case, as shown by the elution profiles in 
Figure 4. Fractions were pooled as indicated, yielding tin vtvo 


(35S]u chain (1.0x10%cpm) and in vivo [35s]a chain (1.4x107cpm). 
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Preparation of Heavy Chain mRNA's 


Since it has been shown that the majority of immunoglobulin syn- 
thesis occurs on polysomes bound to the endoplasmic reticulum (Sherr and 
Uhr, 1970; Tonegawa and Baldi, 1973), the first step in the preparation 
procedure was the isolation of nondegraded membrane-bound polysomes 
(MBP). Sucrose density gradient centrifugation profiles of such prep- 
arations derived from H2020 and 104E myeloma tumors and considered 
usable for the isolation of mRNA are shown in Figures 5A and 5B, 
respectively. In comparison is the profile from a preparation considered 
too degraded*=for use (Figure 5C).- The major factor considered in 
estimating the quality of the preparation was the relative proportions 
of material at the light and the heavy ends of the gradient. That is, 

a gradual decrease in peak heights towards the smaller polysomes, as in 
Figures 5A and 5B, indicates that degradation is minimal; on the other 
hand, a relative lack of material at the heavy end of the gradient plus 
increasing peak heights towards the monosomes, as in Figure 5C, indi- 
cates that the majority of polysomes have been degraded. Approximately 
200 tumor-bearing mice of each of 104E and H2020 yielded about 3000 
OD269 units of MBP from which the heavy chain mRNA was isolated in each 
Case, 

The phenol extraction of these MBP preparations resulted in 53mgm 
of H2020 RNA and 80mgm of 104E RNA, assuming that 1 OD260 unit is equiva- 
lent to 25mgm of RNA, with ODz60/OD2e0 ratios of 1.81 and 1.85, respec- 
tively. These membrane-bound polysomal RNA's were each subjected to two 
successive chromatographies on oligo(dT)-cellulose. The quantities of 


RNA obtained by each wash, as well as the recovery and retention values 
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of each column, are given in Table 4. The rationale for this Step. is 
that most eukaryotic mRNA's contain a sequence of poly(A) at their 3'-end 
(Lee et al., 1971). This sequence binds to oligo(dT) under high salt 
conditions and is released in the absence of salt. It has further been 
Shown (Aviv and Leder, 1972) that the large portion of the MBP RNA which 
does not bind at the high salt concentration (TEK[0.5] buffer) consists 
mainly of tRNA and the 5S, 18S and 28S rRNA's. The relatively smaller 
amount of loosely bound material that is eluted with the intermediate 
salt concentration (TEK[0.1] buffer) consists primarily of 18S and 28S 
rRNA's. In the present work, the poly(A)-containing fraction that 
eluted with the TE-II buffer of the first oligo(dT)-cellulose column 
comprised 2.5% and 2.9% of the input MBP RNA, for H2020 and 104E respec- 
tively. However, when these TE-II fractions were subjected to a second 
oligo(dT) chromatography, they were found to still contain significant 
amounts of material which did not) bindein TEK(0:5) buffer." In) fact; 
although essentially all the input RNA was recovered from each of these 
second columns, only 41% (H2020) and 31% (104E) were recovered in the 
TE-II eluant, resulting in a final retention value of approximately 1% 
in each case. By analysis in sucrose gradients, the major component of 
this second TEK(0.5) wash was found to be 18S rRNA, as shown by the 
third OD2¢69 scan in Figure 6. In addition, the heat treatment before 
each chromatography was found to be very critical, as is evident by a 
comparison of the first two OD260 scans in Figure 6: in a trial prepara- 
tion of H2020 RNA, chromatographed without heat treatment, a significant 
amount of 18S material was still present in the poly(A)-containing 


fraction even after the second oligo(dT)-cellulose column. In contrast, 
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TABLE 4. Oligo(dT)-Cellulose Chromatography of 
Membrane Bound Polysomal (MBP) RNA 


-_— eee 


12020 Ist Column 2nd Column 
1320 09,60 units of 33 0D 60 units of 

Input H2020 MBP RNA Ist Column TE-II wash 
Wash buffer TEK(0.5) TEK(0.1) TE-II TEK(0.5) TEK(0.1) TE-II 
secant 45 45 Whe 17 10 13.3 
focal Oz 608 1170 : 33 17 0.5 13.6 
Column Recovery 92% 94% 
Column Retention* 2.5% 41% 
Overall Retention 1.03% 

104E Ist Column 2nd Column 

2000 ODo¢69 units of 58 ODo¢9 units of 

Input 104E MBP RNA Ist Column TE-II eluant 
Wash buffer TEK(0.5) TEK(O.1) TE-II TEK(0.5) TEK(OST) TE-II 
Yolume of 
Pa Gi 55 30 16 23.5 13 21.5 
Total OD, 
datte rn es 1925 12 58 35.6 4 18 
Column Recovery 99.8% 99% 
Column Retention - 2.9% 312% 
Overall Retention 0.91% 


eS a ee ee a 


*Retention refers to proportion bound at 0.5 and 0.1M salt. 
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with heat treatment virtually no 18S material could be detected in the 
second TE-II eluant. 

The poly(A)-containing mRNA's from the second TE-II wash were then 
fractionated by preparative sucrose density gradient centrifugation. 
Figure 7 gives the OD2¢60 scans of each gradient, as well as manual OD 
measurements of selected fractions. With both H2020 and 104E, the 
majority of the RNA sedimented in two clearly distinguishable portions 
of the gradient. In each case, one major peak was observed at approxi- 
mately the 13S position, which corresponds to the sedimentation value 
of light chain mRNA. In the case of H2020, most of the remaining RNA 
sedimented as a clearly distinguishable, relatively homogeneous peak at 
approximately 16S. With 104E, the majority of the remaining RNA 
sedimented rather diffusely in the 17-18S region. The ratio of the 
amount of material in the heavier portion to the amount in the 13S peak 
was Significantly greater for H2020 than for 104E. The fractions in the 
16S region of the H2020 gradient and in the 17-18S region of the 104E 
gradient which were thought to contain the heavy chain mRNA (indicated 
by the small arrows in Figure 7) were used for further analysis and 


purification. 


Characterization of Heavy Chain mRNA's 


The presumptive heavy chain mRNA fractions, obtained from oligo(dT)- 
cellulose chromatography and sucrose gradient fractionation, were tested 
for their ability to stimulate the synthesis of polypeptides in vitro. 

On the basis of the relative sharpness of the sucrose gradient peak, the 
two H2020 16S RNA fractions were pooled prior to translation. However, 


since the 17-18S 104E peak was rather indistinct, fractions 9 to 13 were 


‘ ; .. am 
dete acted Teaw [POT bagdee arty eats | ae) 
m4 ’ 7 


ay 
ti sthesrtl 17eo% (io ety) (Start sic oraaie we 8 


+ 


7 
4 ‘5 as bee ” = 
45 [oun ov oe oe DPW. mas > ‘wide a ie wit : _: axtiy. t 
- eee - ry ¥ 


oe PAT dane eae aad | a cssiiFiaer? bostieine 4 


; ; ps i 
eoherog obhitrimcetadh Yh alo ould bs hesnopthee’ 7 . 
‘ ; % _ 
dee 98 bresreeds new dood 86. ane Ong wee’ sensi ori 
‘4 a ; ‘aa ae 


suf ay nt Psnderon iiss Siz, c¢ ie psa thoeiiy oo igor £ ads: 
AE 

a ¥ 7 

Net. et rd 2260 .O7OCe 13 9 208> agit af ean pate on 


we 
ta asvq avoensoued Viorligiter .obgane ts PUTtT jie teen dl 
AM spies ene Fo: y TL oO tam) att sen Ore e atl, asa 
se Yo. ODI art polis, ee ear ai cha tts se 


sagan @l wit fl. Waynew: ots. oF AG T1000 solves! atid we te amet 


see 
\ 


ad? Sr anal pane on? (eOL Say Raps OROSH 48 canna oath 
SiO) et a @tygat tvs BL, EE ime tae Ebay nty ong ade Sel 


; 1m 
betogties) AnRin, ta sv wee es eit ‘hain 92 detquanty eve. tne pens 8 
| ss JZ re ; 7 
= y eu 
hog Wiley fareeadetat io? wget aia (7. omnes crus Uhh _ he 7 
' 7 v = 
¢ “\ +) re J ne | WP ee ‘a my 
| : : oe TF 7¢ » FA Poe 
: 5 ’ i) Hy 77 z al by 
| . a ar ai ta 
7 = i 
Pry ms = 
fy Bini aM oe b 4o.8 ahaa jonm Tar 


(Ebiomia aut fet els | dda. coh 
sh we 

betes? ora de gio suie€ a ; greasle. ie 

stats, eh anit yay: Wis 


why wo 


ail? jh EIT we = 


Pawsee aA 


emmy’, 4 pact 


0.80 


0.60- 


0.40 


0.20 
© 
Ce) 
N 
Q 
O 
1.20 
0.80 
0.40 
Figure 7. 


54 


AGO Stan olOb WO 
FRACTION 
————————— 


Preparative sucrose density gradient centrifugation 
of the TE-II fractions obtained by two successive 
oligo(dT) chromatographies, each preceded by heat 
treatment. 

Solid curves represent continuous OD260 scans, 
points represent manual OD269 measurements. Arrows 
indicate those fractions taken for further purifi- 
cation and/or translation. The 185 position was 
determined by centrifugation of a ribosomal RNA 
standard in a parallel gradient. 
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translated separately to determine if any differences could be detected 
in their cell-free products. Five ugm of the H2020 pool and 3 ugm of 
each 104E fraction were translated in the cell-free system described in 
Materials and Methods, along with 1 ugm of globin mRNA as a control. 
Incorporation of *?°S into the TCA-precipitable material in each case is 
given in Table 5. These figures show that the addition of each RNA 
fraction to the cell-free system resulted in a significant stimulation 
of incorporation over that obtained endogenously. No significant 
differences were evident in the activities of the various 104E fractions. 
However, each showed approximately 25% less stimulation than the H2020 
pool, which in turn gave about 50% of the stimulation obtained with the 
globin mRNA. 

Preliminary analysis of the products synthesized in response to the 
H2020 16S pool and the 104E 17-18S fractions was performed by electro- 
phoresis in SDS-polyacrylamide slab gels. Autoradiographs of each gel 
are shown in Plates 2 and 3. From Plate 2, it is evident that the 
majority of the H2020 cell-free products migrate as a single band, with 
a mobility very slightly greater than the tm vivo IgA heavy chain; that 
is, the majority of the components translated from the H2020 16S sucrose 
gradient pool are very closely related to authentic a chains. In fact, 
precise coelectrophoresis was not expected, since the im vivo secreted 
forms of immunoglobulin heavy chains are known to have attached carbo- 
hydrate moeities which slow their electrophoretic mobilities in SDS- 
acrylamide gels; these moeities would not be added aig 2) cell-free 
translation system (Schubert, 1970). The H2020 cell-free products also 


formed a number of minor bands, each with a mobility greater than that 
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TABLE 5. Incorporation of *°S into Acid Insoluble Material, by a 


Cell-Free Translation System Supplemented with Various 


RNA Preparations 


————————eee— eee 


Total TCA-precipitable counts per minute 


per reaction per ugm of 
Added RNA mixture added RNA 
(ool Ome (x10 °) 
— Oe52 == 
Purified 
, Sta) 
globin mRNA sc 
H2020 1.91 
16S RNA Jaen 
104E RNA 
Sractrvons 9 Ame 1.40 
10 4.0 L335 
iol ane 1.40 
12 3.7) io 
13 4.0 i cas: 
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Autoradiograph of SDS-polyacrylamide gel electrophoresis 
of the products synthesized in a cell-free translation 
system in response to the H2020 16S RNA preparation. 


1.5xl10°cpm of these cell-free products were co-electro- 
phoresed with tm vivo IgA isolated from H2020 cells 
(1x10°cpm) and with the cell-free products of purified 
rabbit globin mRNA (5xl0°cpm). Electrophoresis carried 
out at 120 volts for 14 hours. Exposure time for the 
autoradiograph, 3 days. 
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Plate 3. 


Autoradiograph of SDS-polyacrylamide gel electrophoresis 
of the products synthesized in a cell-free translation 
system in response to various 104E RNA sucrose gradient 
fractions. 


5x10*cpm from each fraction were coelectrophoresed 

with in vivo uw chain isolated from 104E cells. Electro- 
phoresis carried out at 120 volts for 14hours. Exposure 
time for the autoradiograph, 10 days. 
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of the major band. These minor bands cannot be attributed to contamin- 
ating mRNA's in the cell-free system, as the globin control is completely 
free of corresponding bands. The possibility cannot be excluded that 
they represent the cell-free products of mRNA's other than that coding 
for the a chain. However, it is equally possible that at least some of 
them represent peptide fragments of the a chain itself. Such fragments 
could arise by false initiation or premature termination of translation, 
or by post-translational cleavages. In fact, it is thought that immuno- 
globulin chains synthesized tn vitro lack proper disulphide bridges, 
and are therefore more susceptible to such cleavages (Swan et al., 
To 

In the second gel (Plate 3), the cell-free products of the 104E 
sucrose gradient fractions 9-13 were electrophoresed in parallel with 
the im vtvo IgM heavy chain. As in the case of the H2020 electrophoresis, 
it¥ewasS*not expected to™tind=a band in the cell-free products*corre- 
sponding directly to that of the tm vivo u chain. However, in actuality, 
a large number of bands of relatively equal intensities were found, all 
with mobilities greater than that of the im vivo u chain. The possi- 
bility that some of these bands represent peptide fragments of the 
slowest migrating band (as discussed for H2020) is supported by the 
correlations between the intensities of certain bands. For example, 
in Plate 3 the intensities of the bands in region 1 of fraction 13 are 
relatively less than in fractions 10 and 11, and so is the intensity of 
band 2. However, for band 3, the intensity is greater in fractions 15 
than in fractions 10 and 1l. Therefore, band 2 probably represents a 


peptide fragment of the bands in region 1, whereas band 3 is likely 
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caused by the cell-free product of a different mRNA. By such criteria, 
the RNA from fractions 10-12 of the 104E sucrose gradient can be said to 
be relatively similar in respect to the cell-free products produced. 
However, by the SDS-polyacrylamide gel electrophoresis alone, it is not 
possible to determine if all or any of these cell-free products corre- 
spond to authentic wu chains. 

Further analysis of the cell-free products was therefore performed 
by tryptic digestion followed by two-dimensional high voltage electro- 
phoresis. Plate 4 shows the autoradiograph of the electrophoresis in 
pH6.5 buffer of the tryptic peptides formed by the 104E sucrose gradient 
fractions 10-12 and by the tm vivo uw chain. In each case, the majority 
of the radioactivity was found in one spot slightly on the basic side 
Of the Origin (position 1 in Plate 4), indicating either that the trypsin 
digestion was not effective or else that most of the peptides formed were 
neutral in the pH6.5 buffer. The zm vivo wu chain showed at least one 
major peptide not found in the cell-free products (position 2). However, 
similarities do exist between the patterns formed by the tn vittro and 
the tn vivo preparations. Furthermore, when the basic peptides were 
cut out as indicated and reelectrophoresed in the perpendicular direc- 
tion in pH3.5 buffer, the patterns formed by the im vitro and im vivo 
preparations definitely did correspond. (See Plate 5. Positions marked 
1 and 2 are equivalent to those in Plate 4,) In particular, the extra 
peptide evident in the zm vivo u chain at position 2 in the pH6.5 buffer 
seemed to migrate to a distance equivalent to one of the peptides from 


position 1 of the 104E cell-free products. (These 'equivalent' peptides 


are indicated by a number 3 in Plate 5.) 
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Plate 4. 


Autoradiograph of the high voltage electrophoresis 
at pHO.5 of tryptic peptides: from chesceli-—tree 
products of 104E RNA fractions and from tn vivo yu 
chain. 


3.5xl0°cpm of each sample applied. Electrophoresis 
carried out at 3000 volts for 60 minutes. Exposure 
time for the autoradiograph, 7 days. 
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Plate 5: 


Autoradiograph of the second-dimensional high voltage 
electrophoresis at pH3.5 of the 104E basic peptides 
obtained by the pH6.5 electrophoresis. 


Positions 1 and 2 are equivalent to those in Plate 4. 
Electrophoresis carried out at 3000 volts for 47 minutes. 
Exposure time for autoradiograph, 28 days. 
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A similar analysis was carried out for the cell-free products of 
the H2020 16S sucrose gradient pool, in comparison with the tn vtvo a 
Chain. Plates 6 and 7 show the autoradiographs of the pH6.5 and pH3.5 
electrophoresis, respectively. (Acidic and basic peptides were cut 
apart as indicated in Plate 6. Positions 1, 2, 3 and 4 are equivalent 
in both plates.) From this two-dimensional electrophoresis, it is 
evident that all the tryptic peptides of the in vivo a chain are also 
present in the tn vitro preparation. This is very convincing evidence 
that authentic a chains were actually produced by the translation of 
the RNA from the H2020 16S sucrose gradient pool. Extra in vittro 
peptides, which do not correspond to any of the in vtvo peptides, 
comprise only a very minor portion of the total preparation. Their 
possible origins have already been outlined in the preceding discussion 


on SDS-polyacrylamide gel electrophoresis. 


Further Purification of the Heavy Chain mRNA's 


Using as a guide the results obtained by the analysis of the 
cell-free products, the RNA from fractions 10-12 of the 104E sucrose 
gradient was taken as the source for the further purification of U mRNA. 
Similarly, H2020 o mRNA was further purified from the 16S RNA sucrose 
gradient pool. 

Each of these preparations was first examined by analytical 
formamide gel electrophoresis to obtain some idea of their purity inde- 
pendent of that obtained from the analysis of their translation products. 
Samples and gels were prepared and electrophoresed as described in 


Materials and Methods, using 5 ugm of the H2020 preparation and 10 ugm 
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Plate 6. 


Autoradiograph of the high voltage electrophoresis at 
pHO.5 of trypticspeptidese trom thesce! 1) =freesprodtices 
of H2020 16S RNA and rabbit globin mRNA and from tn 
vivo a chain. 


1x10°cpm of each sample applied. Electrophoresis 
carried out at 3000 volts for 47 minutes. Exposure 
time for the autoradiograph, 4 days. 
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Pirate 47. 


Autoradiograph of the second-dimensional high voltage 
electrophoresis at pH3.5 of the H2020 acidic and basic 
peptides obtained by the pH6.5 electrophoresis. 


Positions 1, 2, 3 and 4 are equivalent to those in 
Plate 6. Electrophoresis carried out at 3000 volts for 
60 minutes in the case of the acidic peptides; at 3000 
volts for 47 minutes in the case of the basic peptides. 
Exposure time for the autoradiographs, 14 days. 
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of the 104E preparation per gel. Two Ugm of mouse 18S rRNA were run on 
a parallel gel. Stained gels are shown in Plate 8. In the H2020 gel, 
the majority of the RNA migrated as one band with a mobility very slightly 
less than 18S rRNA. Only a small amount of lightly stained material is 
noticeable on either side of this major band. In the 104E gel, the 

u mRNA migrated significantly slower than 18S rRNA, and the proportion 
of diffuse material surrounding this band was much greater than in the 
case of H2020. In addition, a second band is evident at exactly the 18S 
position. However, the distance between these two bands is great enough 
that a significant increase in the purity of the wu mRNA should be 
attainable by cutting out the corresponding gel slice. Also by such a 
procedure it should be possible to eliminate large proportions of the 
diffuse material around each major band. With this purpose, therefore, 
the remaining portions of the 104E and the H2020 sucrose gradient 
preparations (45 ugm and 20 ugm, respectively) were subjected to prepar- 
ative formamide gel electrophoresis. Representative gel scans of each 
are shown in Figure 8, and the portion cut out from each gel is indicated. 
The elution of RNA from these gel slices and the removal of coeluted 
polyacrylate was carried out as described in Materials and Methods. The 
final yield in the NP(0.4) fractions, in the case of both H2020 and 104E, 
was measured at 0.1 OD260 units (equivalent to 4 ugm of RNA). After 
dialysis of the NP(0.4) fractions against water and concentration by 
lyophilization, the eluted material was ethanol-precipitated and dis- 
solved in 20 ul H20. At this point, therefore, the RNA concentration 


could be estimated as 0.2 ugm/ul for both H2020 and 104E. 


To ensure that the eluted material still had the characteristics of 
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Plate 8. 


Analytical polyacrylamide gel electrophoresis in 99% 
formamide. 


H2020 and 104E RNA preparations were electrophoresed 
in parallel with a ribosomal RNA standard. Staining 
by a 0.005% solution of Stains-All in 50% formamide; 
destaining by tap water. Direction of electrophoresis 
was from top to bottom. 
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Preparative polyacrylamide gel electrophoresis in 
99% formamide of the H2020 and 104E RNA prepara- 
tions, in comparison with a ribosomal RNA 
standard. 
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the corresponding heavy chain mRNA, and to obtain some estimate of the 
increase in purity, 5 ul of each preparation was then rerun on formamide 
gels, 7. parallel with 2 iigm of 18S rRNA, Gel scans are shewn in 

Figure 9. In both cases, a definite peak was evident at the expected 
position and the eluted material migrated as a Significantly narrower 
band than in the original gels. However, when the relative heights of 
the H2020, 104E, and rRNA peaks are compared, it seems as though 

OFZ wem/pl was an overestimation of the concentration of the wu and a 
mRNA's. That is, either the OD measurements of the NP(0.4) fractions 
were in error, or significant amounts of RNA were lost during the 
lyophilization and precipitation steps. In particular, the concentration 


of H2020 a mRNA appears to be about one half that of the 104E wu mRNA. 


Preparation of 17°I-labelled RNA 


The H2020 and 104E heavy chain mRNA preparations obtained by elution 
from formamide gels were radioactively labelled with 1257, Because this 
isotope has a relatively short half life, the RNA preparations had to be 
iodinated on two separate occasions in order to carry out all the hybrid- 
ization experiments described below. Since the specific activity of the 
resulting '*°I-labelled RNA is likely to be different on each occasion, 
the first iodination is indicated in all future work by a #1, and the 
second by a #2. 

On both occasions, 5 ul of each preparation were iodinated using 
2mCi of 1251, in parallel with 1 wgm of 18S rRNA as a control. Figure 10 
shows the 10-28% sucrose gradient profiles of the first iodinated 
preparations. Degradation of the RNA during iodination appears to be 


More extensive with the 104E and H2020 mRNA preparations than with the 
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Figure 39% 


Polyacrylamide gel electrophoresis in 99% formamide of 
eluted H2020 and 104E RNA, in comparison with a ribosomal 


RNA standard. 
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18S rRNA. Since the number of cpm's of *?°]-labelled RNA obtained vastly 
exceeds the required amount for hybridization experiments, only the 
heaviest peak fractions were pooled and ethanol-precipitated as indicated 
in Figure 10. Because the 104E #2 preparation appeared excessively 
degraded in the first gradient, the heaviest fractions were rerun on a 
second gradient before pooling for use in hybridization experiments (see 


Figure 11). 


Preparation of a 13S 3'-end Containing Fragment of H2020 o mRNA 


Approximately 90% of the second H2020 iodinated nia was 
subjected to two successive steps of chromatography on oligo(dT)-cellulose 
in order to separate intact molecules and those fragments containing the 
poly(A) 3'-terminal sequence from those fragments containing only 
internal and 5'-terminal sequences. Of the input radioactivity, 11% 
was bound to the first column and 90% to the second column under high 
salt conditions, indicating that the second TE-II wash consisted almost 
entirely of poly(A)-containing material. This material was then fraction- 
ated according to size by two successive steps of 10—28% sucrose density 
gradient centrifugation (Figure 12). Parallel gradients were run with 
that portion of H2020 RNA from the second iodination which had not been 
subjected to oligo(dT)-cellulose chromatography (that is, which contains 
all the sequences of the complete RNA molecule). The fragments sedi- 
menting at approximately 13S were collected as indicated from each 
gradient. In all experiments to be described involving this 13S 3'-end 
containing fragment, the 'complete sequence! RNA used as a comparison 


was that derived from these equivalent 13S fractions of the oligo(dT)- 


unfractionated H2020 #2 preparation. This eliminates completely any 
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Fractionation of 3'-end containing fragments and 
"complete sequence' fragments of a 125T_1abelled 
H2020 o RNA preparation by successive sucrose 
density gradient centrifugations. 

Reference positions determined as per Figure 11. 
Fractions pooled from the first gradient (indicated 
by the bracket) were resedimented in the second 
gradient. 
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possible variations due to a size difference between the 3'-end contain- 
ing fragment and the complete-sequence containing fragment. 

Remaining fractions from the first and second gradients of the 
"complete sequence' RNA which had sedimentation values greater than 10S 
were also pooled, and used as an additional source of !25I-labelled 


H2020 mRNA (that is, H2020 #2) for experiments which did not involve 


the 3'-end containing fragment. 


Hybridization Experiments 


In all results presented below, the preparations of DNA and iodin- 
ated RNA used were equivalent within, but not necessarily between, 
series of experiments. Because of the uncertainty discussed above in 
the actual concentrations of the final RNA preparations, it was initially 
assumed that each iodinated RNA had a specific activity of 2x10’ cpm/ugm. 
This figure is based on experience with the iodination of immunoglobulin 


light chain mRNA (Tonegawa et al., 1974). 


Hybridization Kinetics of H2020 a and 104E \ RNA Preparations 
with Mouse Liver DNA 

In order to scan as large a range of Cyt values as possible, hybrid- 
ization was performed at a low DNA concentration (0.20 mgm/ml) as well 
as at a high DNA concentration (20 mgm/ml). In each case, 4x10*cpm's of 
RNA were added per ml setts final hybridization mixture, resulting in 
approximate DNA/RNA ratios of 1x10° and 1x10’, respectively, Asea 
comparison, the hybridization kinetics of mouse 18S rRNA were also 
studied, at an intermediate concentration of 2.0 mgm/ml (DNA/RNA ratio = 


1x10°), As evident in Figure 13, the majority of the RNA sequences 


present in the H2020 a and the 104E u RNA preparations hybridized with 
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Figure 13. Hybridization kinetics with mouse liver DNA (#1). 
RNA from the first iodinated preparation was used in 
each case. Arrows indicate apparent log Cgts"s. 

@ a: DNA concentration, 0.20 mem/m 
ratio of DNA to RNA, 1x10 
OA: DNA concentration, 20.0 mgm/m1 
ratio of DNA to RNA, 1x10 
O : DNA concentration, 2.0 mgm/ml 
ratio of DNA to RNA, 1x10° 
Intrinsic RNase resistant factors: @, 0.80%; O, 2.73%; 
A, Usl6e; A, O.cee, DO; 0.58%. 
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mouse liver DNA at Cot values greater than 102 (C,t values being the 
product of the DNA concentration and the annealing times, expressed as 
mol,-sec./1.). The kinetics of hybridization were not distinctly bi- 
phasic in either case; however, the proportion of RNA sequences 
hybridizing at Cot values lower than 10? was definitely greater for the 
u RNA than for the a RNA. The possibility that this was due to some 
residual rRNA still present in the 104E preparation was investigated by 
a competition hybridization experiment, using an excess of cold 18S 
rRNA. This experiment was carried out at the low DNA concentration 
only. The kinetics of hybridization under these conditions are shown 
in Figure 14, where it is evident that, by the addition of excess 18S 
rRNA, the proportion of hybrid formed by the 104E preparation at low 
Cyt values was reduced by at least 5%. This reduction resulted in 
levels of hybridization at the low C,t values not significantly differ- 
ent from those obtained with the H2020 a RNA. Therefore, of the 45% 
of the 104E preparation which hybridized at the maximum Cot values, a 
minimum of 5% consisted of rRNA sequences. 

At the highest C,t value achieved, the portion of RNA hybridized 
had not yet reached a definite maximum value in either case. However, 
in order to obtain some estimate of the gene frequencies corresponding 
to these RNA sequences, the maximum percentage hybridization was approx- 
imated as 45% for the H2020 RNA and 50% for the 104E RNA. From thiss 
Eerarent Cots values (that is, the Ct values at 1/2 the maximum 
hybridization) of 790 and 630, respectively, were obtained, with the 


% 


correction value for rRNA being applied in the case of 104E. (The 


values of the apparent log Cotz's are indicated by the arrows in 
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Figure 13.) The following formula derived by Bishop et al. (1972) can 


be used to convert a C,t value to a reiteration frequency: 


where Ci = Cot¥s of FZ. colt cRNA in 2xSSC at 70°C CE Eby 
Gi = Genome size of £. colt DNA (=2.7x10? daltons)*, 
G2 = Genome size of mouse liver DNA (= 1.8x10!? daltons)*, 


C2 = Cot of the mouse RNA sequence in question, 


and F = reiteration frequency of the corresponding sequence 
in mouse liver DNA. 
In this way, a nominal reiteration frequency of approximately 7 was 
obtained for the H2020 a gene, and approximately 8 for the 104E wu gene. 
In comparison, the reiteration frequency of the mouse 18S rRNA gene was 
determined to be 175, from an apparent Cnt Of S52, hiss seine good 
agreement with published results (Melli et al., 1971; Tonegawa et al., 


1974). 


Hybridizatton of H2020 a and 104E uw RNA's with DNA's from 
Various Heavy Chain-produeing Myelomas 

The question was asked: Do mRNA's containing one particular heavy 
chain sequence hybridize to the same extent with heterologous heavy chain 
myeloma DNA's as with their homologous myeloma DNA? 

The first series of experiments performed to investigate this 
question involved the hybridization in all possible combinations of the 
H2020 and 104E RNA's and DNA's. In these initial experiments, the final 
level of hybridization was of major interest; consequently, only one 
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sample was taken from the hybridization mixture at a low Cot value.) in 
order to obtain as high Cot values as possible without excessively long 
incubation times, hybridizations were carried out in 6xSSC buffer at 
PoaCuasewelleas in )2xSSC at 70°C, ‘The Cot value obtained at 6xSSC was 
then converted to the equivalent Cyt value which would have been obtained 
at 2xSSC by multiplication with a constant equal’ to 2.5, according to 
Britten et al. (1974). The final DNA concentration was 20 mgm/ml in each 
case; 2x10" cpm's of RNA were added per ml of final hybridization mix- 
ture in order to obtain as high a DNA/RNA ratio as possible (i.e. 2x10’). 
The results are presented graphically in Figure 15. With the H2020 

a RNA, the final level of hybridization obtained with the heterologous 
(104E) DNA was significantly lower than that obtained with the homologous 
(H2020) DNA.. In contrast, the 104E wu RNA showed no significant differ- 
ences between its homologous and heterologous hybridizations. 

In the next series of experiments, this investigation of the final 
levels of heterologous hybridizations was repeated using different 
preparations of 104E and H2020 RNA's and DNA's, and was also expanded to 
include the following myeloma DNA's: Y5781 (IgM), MPC11 (IgG.,), 

528 (IgG) and J558 (IgA). Hybridizations were performed in 2xSSC only, 
and no samples were taken at low C,t values. The final DNA concentra- 
tion was 22.5 mgm/ml in each case, and RNA was added to give a DNA/RNA 
ratio of 2x10’. The homologous hybridizations of 104E wu RNA with 104E 
DNA, and H2020 a RNA with H2020 DNA, were included as controls. Results 


are presented in Table 6. With the 104E u RNA, no differences could be 


detected in the final level of hybridization with any of the six DNA 


preparations. The results of the H2020 a RNA hybridizations are more 
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H2020a RNA 104E uRNA 
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Figure 15. 


log COT 


Homologous and heterologous hybridizations of H2020 a and 
104E up RNA's (#1) and DNA's (#1). 

Circles represent H2020 DNA and triangles, 104E DNA. 

Open figures represent hybridizations in 2xSSC at 70°C 
and closed figures, hybridizations in 6xSSC at 75°C. 
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clearly seen by the graphical presentation in Figure 16. The lower level 
of hybridization obtained with the 104E DNA is once again evident. S28, 
MPC11 and Y5781 DNA's all resulted in essentially equivalent levels of 
hybridization as H2020 DNA. The hybridization with J558 DNA produced a 
final level greater than that produced homologously. 

Those combinations which showed significant differences in their 
final levels of hybridization were then studied more extensively by 
determining the kinetics of their hybridizations. Cot curves are pre- 
sented in Figure 17 (DNA concentration = 22.5 mgm/ml; DNA/RNA ratio = 
2x10’). In the hybridization of the H2020 a RNA with the J558 DNA, the 
Slope of the C,t curve was essentially the same as with the H2020 DNA, 
even though the final level was higher. In contrast, in the hybridiza- 
tion with 104E DNA, both the slope of the C,t curve and the final level 


of hybridization were lower than with the H2020 DNA. 


Hybridization Studies with the H2020 a 3'-end Containing Fragment 


By analogy with the illustration of a K mRNA molecule (see Introduc- 


tion), the structure of the a mRNA can be depicted as follows: 
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The K mRNA is known to be approximately 1250 bases in length (Tonegawa 


eb aL 1974: Milstein et al., 1975), and it shows a sedimentation 
Oe) ’ 


velocity of 13S in sucrose density gradients. Therefore, the radioactive- 
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Figure 16. 
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Hybridization of H2020 a RNA (#2) with various 


myeloma DNA's. 

A, 104E DNA (#2); M, S28 DNA; @, J558 DNA; 

A, Y5781 DNA; O, MPC11 DNA; O, H2020 DNA (#2). 
DNA concentration, 22.5 mgm/ml; DNA to RNA ratio, 
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a J558 DNA 
© H2020 DNA 
H 104E DNA 


Hybridization kinetics of H2020 a RNA (#2) with H2020 
DNA (#2), 104E DNA (#2) and J558 DNA. 

DNA concentration, 22.5 mgm/ml. Ratio of DNA to RNA, 
1x10’. Intrinsic RNase resistant factor: 4, WEES 
@, 1.68%; m™, 2.75%. 

Arrows indicate apparent log Cots's. 


92 


— Osteatiy 


mzs8 
nae 


te 


at 


a i _ os 


93 


labelled sequences of the 13S 3'-end containing fragment which was 


prepared from the a mRNA should correspond exclusively to C-region and 


3' untranslated sequences, (According to Commerford [1971], the poly(A) 


tract is not labelled by 21S) 


The first series of experiments involving this RNA fragment investi- 
gated the final level of its hybridization with H2020, 104E, and J558 
DNA's (that is, the homologous DNA plus those heterologous DNA's which 
had shown variant hybridization levels with the H2020 a RNA containing 
all the sequences of the complete molecule). With each DNA, the "complete 
sequence' RNA, prepared under equivalent conditions as the 3'-end contain- 
ing fragment, was also hybridized as a control. The equivalent lengths 
of these two RNA sequences were considered (that is, the number of nucleo- 
tides corresponding to 16S and to 13S), and the DNA/RNA ratios were 
adjusted as follows in order to obtain as <fnee as possible DNA 
excesses: With the H2020 'complete sequence' a RNA, the sequence ratio 
of DNA to RNA is equal to 3x10° (taking the length of this 16S RNA as 
1800 nucleotides, the average molecular weight per nucleotide as 320, 
and the molecular weight of the mouse genome as 1.8x10'* daltons). With 
the 3'-end containing fragment, the sequence ratio is 5x10° (taking the 
length of this 13S RNA as 1200 nucleotides). Therefore, in order to 
achieve an arbitrary DNA excess of 3 in each case, the experimental 
DNA/RNA ratios were set at 1x10? and 1.5x10’, respectively. That is, 

0.5 wgm of DNA were used per cpm of the ‘complete sequence' a RNA, while 
0.75 wgm of DNA were used per cpm of the 3'-end containing fragment. 


The final results of each hybridization are presented in Table 7. 


These results confirm the previous observation that the ‘complete 
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TABLE 7. Percent Hybrid Formed by H2020 a RNA "Complete Sequence' and 


3'-end Containing Fragment with H2020, 104E and J558 DNA's 


ree Se ee 
Log Cyt 


DNA a RNA 2 4 aoa 4.5 


complete 


sequence Cz hee mee 
H2020 #2 7 th UPreetald i @hah case, witko ke © 
3'-end containing 9.4 28.8 36.5 
fragment ; 
complete 7 22.4 23.0 
Sequence : 
104E ee T Gene = al man as: ile 
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sequence , 
J558 PSs Poets 
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fragment 


DNA concentration = 22.5 mg/ml. 


Ratio of DNA to RNA = 1x10’ for the 'complete sequence' H2020 a RNA 
1.5x10’ for the 3'-end containing fragment. 
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lesser extent with 104E DNA, than with its homologous DNA. Furthermore, 
in no instance were significant differences observed between the final 
level of hybridization of this complete sequence and the final level of 
the 3'-end containing fragment. 

A more extensive investigation was then carried out by determining 
the kinetics of hybridization of the 3'-end containing fragment with 
104E DNA, in comparison with those of the "complete sequence' a RNA. 
Again the DNSgoxcess was adjusted to threefold in each case, with the 
final DNA concentration being 22.5 mgm/ml. The results are presented 
in Figure 18, where the two Cot curves are seen to be indistinguishable 


within the range of experimental error. 


Effect of the DNA Excess on the Final Hybridization Level 


Unless hybridizations are performed under conditions where the 
amount of DNA vastly exceeds, on a sequence basis, the amount of RNA, 
the final level of hybridization will be affected by the actual extent 
of the DNA excess (Melli et al, 1971). Although all possible efforts 
were made to keep the excess constant in the above experiments, the 
possibility cannot be excluded that some of the variations observed were 
due to unknown and unintentional differences in the DNA excess. There- 
fore, an experiment was performed where the ratio of DNA to RNA was 
altered purposely and the effect of these alterations on the final 
hybridization level was studied. 

A standard ratio was set at 0.5 ugm of DNA per cpm of ‘complete 
sequence! H2020 a RNA. Using the assumed specific activity of 2x10’ 


cpm/ugm for the RNA, this gives a DNA/RNA ratio of 1x10’. Since the 
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Bioune 18. 


H 2020 «RNA, complete eectenee 


0 H2020 «RNA, 3-end containing 
fragment 


Hybridization kinetics of H2020 a RNA ‘complete 
sequence’ and 3'-end containing fragment with 104E 


RNA (#2). 


DNA concentration, 22.5 mgm/ml. Ratio of DNA to RNA: 


a, Txt0 eae 1.5x10’. Intrinsic RNase resistant 
Factor: M, 2.76%; O, 1.58%. 
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sequence ratio of mouse DNA to H2020 a RNA is equal to 3x10° (as calcu- 
lated above), the resulting DNA excess is approximately 3-fold. 
Hybridizations were then performed between H2020 and J558 DNA's and 
H2020 a RNA at ratios of 1.5 jigm DNA/cpm RNA, 0.5 ugm DNA/cpm RNA, and 
0.167 ugm DNA/cpm RNA. These ratios are therefore equivalent to DNA 
excesses of approximately 9, 3 and 1. Results are presented in Table 8. 
No significant differences, corresponding to the DNA excess used, were 


found in the final hybridization levels. 
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DISCUSSION 


Three general points of significance are apparent from the experi- 
ments described above: firstly, heavy chain mRNA's could be isolated 
from mouse myelomas with a high degree of purity; secondly, hybridiza- 
tions of these mRNA's to mouse liver DNA suggested that heavy chain 
genes are not reiterated more than a few times in the genome of an 
undifferentiated cell; thirdly, hybridizations of these mRNA's to 
homologous and heterologous myeloma DNA's showed certain Significant 
variations in the final levels and in the kinetics of hybridization. 
Each of these points will be presented in greater detail in the follow- 


ing discussion. 


Purification and Characterization of Heavy Chain mRNA's 


The method described for the purification of the H2020 a and 
104E uw mRNA's followed basically methods which had been previously used 
for immunoglobulin light chain mRNA's. However, several modifications 
have been introduced in the present work which have permitted the 
isolation of the a RNA, in particular, to a greater degree of purity 
than previously reported for any heavy chain mRNA. Firstly, the heat 
treatment before oligo(dT)-cellulose chromatography allowed a more 
complete purification of that small percentage of RNA which contains 
poly(A) sequences. In all previous reports showing sucrose gradient 
scans of the poly(A)-containing RNA obtained by oligo(dT)-cellulose 
chromatography, significant proportions of material in the 18S region 


are clearly visible (Brownlee et al., 1972; Brownlee et al., 1973; 


Tonegawa and Baldi, 1973; Mach et aZ., 1973; Premkumar et al., 1974). 
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This is probably due to aggregation between RNA molecules, resulting in 
Some rRNA being indiscriminately bound to the Oligo(dT) along with the 
MRNA's. With light chain mRNA's, this has not been so great a problen, 
as their molecular shapes and sizes permit their Beton purification 
from 18S rRNA by physical methods (for example, preparative sucrose 
density gradient centrifugation and polyacrylamide gel electrophoresis). 
However, the greater molecular weights of heavy chain mRNA's result in 
physical behavior very similar to that of 18S rRNA: U mRNA sediments at 
essentially the same S value as 18S rRNA in sucrose density gradients 
(see Figure 7), and a mRNA shows an electrophoretic mobility only very 
Slightly less than 18S rRNA in formamide gels (see Plate 8). Therefore, 
it is essential to remove as much of the non-poly(A)-containing material 
as possible during the oligo(dT) chromatographic step. The heat treat- 
ment described here causes the disaggregation of RNA molecules by the 
breakage of intermolecular hydrogen bonds, thereby improving the selectiv- 
it yeot bindingrtoroligo(dl)s 

The second modification involved the method of polyacrylamide gel 
electrophoresis. Since this technique was used both for analytical 
purposes and as the final step in the purification procedure, it was 
essential to use gels with a high degree of resolution, in order to 
correctly detect that portion of the gel containing the desired mRNA, 
Gels prepared by the method described above (that is, polymerization in 


water followed by equilibration to 99% formamide) show a much lower 


UV-absorbing background than gels prepared by the previously-used method 


of polymerization directly in 99% formamide (Gould and Hamlyn, 1973). 


This is likely due to the leaching out of interfering materials during 
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the equilibration step. Consequently, the resolution of the gels and 


the purity of the eluted RNA's described here appear to be greater than 


that achieved in previous reports. 

The heavy chain mRNA's prepared in this Study were characterized 
by their abilities to stimulate protein synthesis in a cell-free 
translation system. In the case of H2020 o RNA, the majority of products 
produced definitely corresponded to authentic IgA heavy chains, both by 
their electrophoretic mobilities in SDS gels (see Plate 2) and by the 
type of peptides formed with trypsin digestion (see Plates 6 and 7). 
The high purity suggested by this analysis of cell-free products was 
further supported by the physical characteristics of the H2020 RNA 
preparation, particularly by its relatively homogeneous migration in 
formamide gels. The 104E uw RNA preparation also stimulated the synthe- 
sis of proteins in the cell-free translation system, but with 25% less 
efficiency than the H2020 a RNA. The analysis of its cell-free 
products confirmed the presence of polypeptides closely related to 
authentic uw chains; however, it was unable to provide a good estimate 
of the apparent contribution of mRNA's coding for other polypeptides. 
Furthermore, the formamide gel electrophoresis showed a considerable 
background in the region of the 104E u RNA, as well as some residual 
contamination by 18S rRNA despite the stringent oligo(dT) chromato- 
graphy. Even after judicious elution of the 104E uw RNA from prepara- 
tive gels, this rRNA component was shown by competition hybridization 
experiments to comprise a minimum of 5% of the final preparation. 

Therefore, it must be concluded that the purity of the 104E uw RNA 


preparation is significantly less than that of the H2020 a RNA 
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preparation. A prtort, it would be expected that the purification 
techniques described above would be equally effective in both cases. 
However, the relative quantities of material in the heavy regions of 
the RNA sucrose gradients suggest that 104E myeloma cells contain a 
lower percentage of the corresponding heavy chain mRNA than do the 
H2020 cells. This observation is consistent with the relative amounts 
of immunoglobulin per cell as determined by the immunofluorescent 
Staining pattern. Consequently, in the 104E cells more contaminating 
mRNA molecules are present per molecule of desired mRNA than in the 
H2020 cells; this is likely a major factor responsible for the 


differences in the purities of the final o and u RNA preparations. 


Hybridization Kinetics of H2020 a and 104E y RNA's 
with Mouse Liver DNA 

Previous reports of the hybridization kinetics of complete immuno- 
globulin mRNA's (summarized in Table 1) invariably showed distinctly 
biphasic C,t curves, with a major fraction hybridizing at high Cot 
values (representing unique or almost unique gene frequencies) and a 
minor fraction hybridizing at lower C,t’ values. The actual gene 
frequency of this more rapidly hybridizing fraction, as well as its 
relative proportion, varies extensively among reports. Considering the 
heavy chain mRNA's in particular, Bernardini et al. (1974) found that 
a maximum of 23% of their y mRNA seemed to be derived from genes 
reiterated about 300 times, and they hypothesized that these sequences 
comprise the external untranslated section of the y gene; Premkumar 
et al. (1974) found that 29% of their a mRNA hybridized with a Cot of 


1.5 (corresponding to a gene reiteration frequency of 5000), and on the 
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basis of purely ad hoc arguments, they interpreted this rapidly hybrid- 
izing portion as representing the heavy chain variable gene. However 
Chespresent results. particularly those obtained with the H2020 ao RNA, 
are in opposition to both of these interpretations. Although the Cot 
curve did extend over a wider range than expected for a purely homogene- 
ous RNA (see the comparison with 18S rRNA in Figure 13), the H2020 a RNA 
hybridized to mouse liver DNA with apparently monophasic kinetics. The 
improvements in the purification procedure discussed above suggest that 
it is the purity of the mRNA probe which is responsible for this 
discrepancy between the previous and the present reports in regard to 
the nature of the Cot curves. This interpretation is supported by the 
correlation between the purities of the H2020 and the 104E RNA prepara- 
tions and their hybridization characteristics: from its physical 
properties and the analysis of its cell-free products, the 104E wu RNA 
was determined to be significantly less pure than the H2020 o RNA; 
correspondingly, it shows a larger proportion of sequences hybridizing 
at C,t values less than 107. It follows, then, that those rapidly 
hybridizing sequences responsible for the biphasic kinetics in previous 
reports, and for the tails on the C,t curves in this report, are more 
likely due to repetitive portions of contaminating mRNA's than of the 
mRNA's coding for the immunoglobulin chain in question. A similar 
conclusion has recently been drawn for the light chain mRNA's (S. 


Tonegawa, personal communication). 


The H2020 a and 104E yu mRNA's hybridized to mouse liver DNA with 


apparent Cot; of 790 and 630 mol-sec/l, respectively. The corre- 


sponding nominal reiteration frequences of 7 and 8 are an upper limit 
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and must be corrected, as described by Bishop et al. (1972), for finite 
DNA/RNA ratios and for heat degradation of RNA; such considerations 
result in corrected reiteration frequencies of 3 and 4, respectively. 
On the basis of the monophasic nature of the Cot curves obtained, there 
is no evidence whatsoever to prevent the asSignment of these reitera- 
tion frequencies to both the variable and the constant regions of the 

a and uw mRNA's. Therefore, the problem now becomes the following: Are 
these three or four copies of Vj variable regions, which form stable 
hybrids with H2020 a and 104E u mRNA's, sufficient to account for anti- 
body diversity on the basis of the "germ line gene" hypothesis, or must 
somatic generators of antibody diversity be invoked? This problem can 
only be resolved by detailed studies on the sequence homology of ail Vy 
regions of mouse myelomas. In any case, no evidence whatsoever was 
found to suggest the existence of thousands of cross-hybridizable Vy 
region germ line genes, as was previously reported for another IgA- 


producing myeloma (Premkumar et al., 1974). 


Hybridization Studies with Myeloma DNA's 


These studies were undertaken with the hope of relating phenotypic 
events occurring during lymphocyte differentiation and development with 
events occurring at the gene level. The phenotypic events implicated 
are those involving the integration of V and C region genetic informa- 
tion and the subsequent commitment of a nondifferentiated cell to the 
production of a particular immunoglobulin. As discussed in the Intro- 
duction, two models (the translocation model of Dreyer and Bennett and 
the DNA-network model of Smithies) have been proposed by which integra- 


tion could occur within the DNA; both of these models are very difficult 
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ume > tnomolecuTar level. “However, it is also possible to envision 


a model in which a V gene is joined to a particular C gene by excision 
of the interspersing DNA material. In this respect, the heavy chain 
genetic region is particularly interesting, since genetic studies with 
allotypic markers have shown, as discussed in the Introduction, that the 
genes coding for each of the constant regions of heavy chain molecules 
(Cj; genes) form one linkage group together with the gene(s) coding for 
variable regions (Vj, genes). Based on this linkage relationship, a very 
simplistic form of an excision model for gene integration is presented 
in Figure 19. If the excised DNA is subsequently lost, such a model has 
one critical implication at the molecular level: the DNA composition of 
differentiated lymphocytes (in particular, the numbers and types of Cy, 
genes) will differ with the class of immunoglobulin produced. In the 
present study, an attempt was made to detect the possible existence of 
such differences by DNA/RNA hybridizations. 

Considering the relative purities of the two heavy chain mRNA's, 
as discussed above, the results obtained with the H2020 a RNA are likely 
to be more definitive; therefore, they will be predominantly considered 
in the following discussion. Basically, these results are as follows: 
taking the hybridization with its homologous myeloma DNA as a standard, 
H2020 o RNA hybridized with S28 (yi), MPC11l (Yop) and Y5781 (yu) DNA's 
to an equal extent, with J558 (a) DNA to a greater extent, and with 
104E (u) DNA to a lesser extent. It can be concluded with a reasonable 
degree of confidence that these differences are not merely experimental 
artifacts: firstly, the results were well-substantiated with various 
preparations of RNA and of each DNA; secondly, the possibility that 


varying background levels of RNase activity in the DNA preparations were 


responsible for the varying levels of hybridization was discounted by 
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the equal levels obtained with the 104E RNA preparation (regardless of 
the purity of this preparation, it would have been affected to the same 
extent as H2020 o RNA by a greater than average RNase activity in the 
104E DNA or by a less than average activity in the J558 DNA); thirdly, 
the results were not affected by intentional variations in the DNA/RNA 
ratio, indicating that the experiments had actually been carried out at 
an even greater DNA excess than that calculated. (This was likely due 
to the difficulty of determining accurately the specific activity of 
the iodinated RNA.) 

Furthermore, the possibility that these differences in hybridiza- 
tion are related solely to Vj genes must be rejected for the following 
two reasons: 

1. The final levels of hybridization with both the 104E and J558 
DNA's varied by approximately 13% from the average level of 38% obtained 
with the H2020 DNA (values estimated from the C,t curves in Figure 17). 
This corresponds to 34% of the total sequences hybridized. However, as 
evident from the structure of the a mRNA depicted above, the Vj sequences 
only correspond to approximately 20% of the total 125T-labelled sequences 
of the a RNA molecule. 

2. A 3'-end containing fragment of the a mRNA was prepared in such 
a way that it should have contained no sequences corresponding to the 
variable region or the presumptive 5'-end external region. If the differ- 
ences in hybridization observed among the J558, H2020 and 104E DNA's were 
actually related to Vj genes, the substitution of this 3'-end containing 
fragment for the 'complete sequence’ a RNA should have obliviated these 


differences. The results presented in Table 7 and Figure 18 show that 


this was not the case. 


Therefore, it can be tentatively concluded that the observed 


differences in hybridization are primarily attributable to differences in 
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the Cy (a) gene composition of the J558, H2020, and 104E DNA's. That is, 
during the development of the particular lymphocyte which eventually 


resulted in each of these myeloma lines, some sort of gene rearrangement 


appears to have occurred, involving the specific loss of DNA sequences 
corresponding to a particular Cy gene. 

Two apparently puzzling aspects still remain: the lack of class 
Specificity (for example, only one of the two u DNA's showed a reduced 
level of hybridization with the a RNA), and the existence of a hetero- 
logous hybridization combination (J558 DNA with H2020 a RNA) which gave 
a higher level of hybridization than the homologous combination. 
Evidently many complicating factors exist; for example, eukaryotic genes 
are usually present in two copies on homologous chromosomes; the pre- 
sumptive excision events cannot be assumed to occur precisely at gene 
boundaries; subclasses of a- and wu-chains are thought to exist but the 
crosshybridization abilities of such subclasses are as yet unknown. 
Further work is required before the simplistic model of Figure 19 can 
be meaningfully expanded to include these factors. Initially such work 
should involve: the additional purification of U mRNA; the isolation 
of more heavy chain mRNA's from different immunoglobulin classes 
(particularly y mRNA) and from different myelomas; the extension of all 
hybridizations to reciprocal combinations. 

The previously proposed models of V and C gene integration (that 
is, the translocation model of Dreyer and Bennett and the DNA-network 
model of Smithies) contain no implications whatsoever of differential 
DNA composition in different immunoglobulin classes; consequently, they 


do not predict the sort of hybridization data obtained in the present 
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work. On the other hand, these data suggest that the 
particular lymphocyte to the production of a specific 
Class occurs concurrently with the loss of certain Cy 
A mechanism of V-C gene integration based on excision 


DNA material seems, therefore, to be implicated. The 
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commitment of a 
immunoglobulin 
penetic sequences. 
of interspersing 


extension of the 


present study to include the reciprocal hybridizations of all heavy 


chain immunoglobulin classes (and possible subclasses) should not only 


provide conclusive evidence in this regard, but should also be signifi- 


cant in the determination of Cy gene order. 
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